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mexiletine. To futher improve its activity, the mutant was subjected to directed evolution with MegaWHOP PCR

(Megaprimer PCR of Whole Plasmid) and selection employing a high-throughput agar plate-based colorimetric screen. This

approach led to the identification of a mutant ep-1, which specific activity was 189% of that for A-1. The ep-1 also showed

significantly improved enantioselectivity, with the E value increased from 101 to 282; its kinetic K.,/K,, value increased

from 0.001 51 mmol/(L-s) to 0.002 89 mmol/(L's), suggesting that catalytic efficiency of ep-1 had been improved. The

mutant showed obviously higher specific activities on 7 of all tested 11 amines substrates, and the others were comparable.

Sequence analysis revealed that there was a new mutation T162A on ep-1. The molecular dynamics simulation indicated

that T162A may affect the secondary structure of the substrate channel and expand the binding pocket.

Keywords: monoamine oxidase, error-prone PCR, activity, molecular dynamics simulation
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it . (R)-o-F% 2l . 2 508 A Ak I A S0

I U R AL BE(MAO, EC 1.4.3.4)iE114F
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RAF T — AT — 8 16 T 1) PR e S A il o8 A2 A
A-1 (F210V/L213C). AW AR S, BT
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1.1 EAE. BM5RK
MAO-N-D5  H R 3 & Wi A ml Ak & s
KIHFFEE Escherichia coli DHSo, Escherichia
coli BL21 (DE3)#1 IM109(DE3)¥ 7 Sy 2 {5
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Fig. 1 Kinetic resolution process of rac-mexiletine to R-mexiletine by monoamine oxidase.

1.2 EgFRiRF

PR U)W Nde I . BamH [ 1 H 3% &
NEB /3 r]; DNA 24 KOD-plus-neo , &40%
$E M ligation high FIBERR LG PNK W B 7R
Y HEMFHAT IR W5 PCR cleaning 5] & |
JEORE PR BGR GrL BER Iml)  FD E RERZ
AL IM109 (DE3) S0 [ Ao 22 Uk A= M1
ARA A

IPTG. KARE XM+ e SR B -
A TAY TRARAE; TBHBA, %
. FE . DAB Ml 4-AAP Iy [ Sigma 2\ 7 ;
BRI A AL B F 75 Roche AH; Rl
alifb 57 & MagExtractor-His-tag W4 H 32 [E GE
ol WAHA R AR IEC b . = SR 2B
R AR AN, WA A R R RAE
1.3 5%8 PCR

DLghd A-1 L (M a-13R) FEoh
AR, &It %8 PCR 1% . Fi#Esl .
5"ATGACGAGCCGCGACGGTTACCAAT-3'; T
W54 . 5-CAGACGGGCTTTCACTTCGCGTTT

C-3'c Syl PCR RWARZR Ny : JOW AR 50 uL,
MgCl, 7 mmol/L, MnCl, #1 dNTPs 4% 0.2 mmol/L,
dCTP #1dTTP 4% 1 mmol/L, 10x PCR ZZ & 5 uL,
pET-28a-a-1 10 ng, | 514145 0.3 umol/L, Taq
REHE 1.25 U, G4 PCR [ 451 Ak, 94 °C
2 min; 98 °C20's, 58 °C 15s, 72 °C 2 min, 28
AME; 72 °C 5 min,

1.4 5iE PCR R LERME
RN ZRA R : RV 50 uL, itk g
5% PCR 77#) 0.5 uL, pET-28a-a-1 0.5 uL, MgCl,
1.5 mmol/L, dNTPs 0.2 mmol/L, 10x%2¢ &
5 uL, KOD-plus-neo 1 uL, MegaWHOP PCR [
D& R 68 °C 5 min; FUAEYE, 94°C 2 min;
95°C20s, 55°C20s, 68°C 180s, 25 MEH;
68 °C 5 min, HH W AK R SETE 68 °C fRif 5 min
1 H 12 F ] KOD R4& 1 3-5'4MI 1, 2]
B epPCR TEH M= M1 10 39551 A A BFEN)
£ iR 50 uL MegaWHOP PCR 7P=4#4fin A
2 uL I EEALEE Dpn 1, 37 °C JCE 1.5h, %4 H
B2 2 B TP SR AR Y BEE R . SR S5 Dpn [ 1M
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fk#) PCR 774 5 pL,
JM109 (DE3); 37 °C 34 %e,
TR, SRR

1.5 REXFEHITH
151 FARwIFE

Pl P O i i A 20 mL BERRZE
M (100 mmol/L, pH 7.4) A 1% 46 Biflg
B, MM EBURE &M, BWHIZE S0°C )
JIA DAB ZEZAWE 0.5 ¢/L, ZEIHSIE DAB
50 4V R T MO BORS oF AE Ak W (U
2 UmL) 5BHWWEY (ZHE 10 mmol/L),
45 CIRBFE A

fii e B 4 1.4 i ARAR A BEAL S AR STk
5 uL ¥4k A BL21 (DE3) BUZS4ifirf, %
T 5 B WA TR LT Y R B & RIREE Rk
() LB P-4 I, 37 °C #55% 8-10 h; SR KA
R IR A AR BRT , #5357 1 mmol/L
IPTG [ LB AR |, 20 °C 5535 14 h; 48 FRYBR
LRERME, AT K0 TR Es, 5%
HIZE 40 °C A AT 1P St (i T SH Al N
fifi @O SE TR R PRET e K s TR A%
WEEE G, B FPHURA 37 °C B 3RAE %,
0.5 h MEE—K; Ml BARERERR, KBS
PRI, R, RAFR
152 96 fLRE

e & M. 100 mmol/L 2 2% vh i
(pH 7.4), 4-AAP(4-aminoantipyrine) 7.5 mmol/L,
0.2% (W)L, B ALY 4 U/mL,
R £ VI 10 mmol/L,

i e ek AR U ) O A B ARG T VR B RN T
2 mL LB KRGS A IPTG B S8 (5%
UL 1.6) JEWSCRETRA, VRIS M BIE WG 1

AL A2 S A0
b T

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

I 96 FLBUMA B AW, AL 90 uL, FoH)
A 10 pL EiEW; B0, 37 °C K3 icE:
20 min, WELHI A A1k,

1.6 BEEMNEF. RERELAL

{mlf?mrﬁaﬁﬂ;ﬁﬁﬁ/\?mﬁko

WP Ras B L) 0 RN A KA A B AR A
A TLBR SR AErh, 37 “CHR 15 9% 2 ODgoo
21°40.4-0.6; WHINIPTG &4 W FEF 1 mmol/L,
25 °C, 200 r/min, 516 h, MR BB
- E W, A A R A 24k iR &2 MagExtractor-
His-tag%] #2418 A #1744k, &5 4 Bradfordik:
I FLER Y BT ) 5
1.7 EIEHANZE

AR BraunZE IR Bk, I Al Ak A Bt
AR T 7 o FErh i SR VR T B AR« 5 mL
WEMRZE M (1 mol/L, pH 7.6), 500 pL 2,4,6- =JR-3-
RILFEH R (2%, T DMS0), 37.5 uL 4-AAP
(1 mol/L), 50 pL AR 2L S AL Il (ZUk 2 U/mL),
20 pLTH fEERBR S PO (AR FZ 10 mmol/L) , #h 2 7K
%50 mL, 11 mL SN oA L0 pLalifb iy
M, 37 “CIV 10 minfg, 5% 510 nmif SE{H
Wil 15 B E XN 37 °C R 440 B Ak A
1 pmol o %A Ak ST R 1Y i Ry — > S 7 AL
(U)o Kear 1K fE A9 %E R H Linewaver-Burk X
BIEE R, IR EE 3 1. 2.5, 5,
10, 20, 40#180 mmol/L.,

1.8 BRSEERS R L

P55 BB FIRE it il 25« SOWAR R AL 55100 pL
alifb A, T e VT 10 mmol/L, 50 mmol/L
WEIRZZ s (pH 7.6), EAFI2 mL, 37 C,
200 r/min{fg 3% S %24 h; BL200 uL W i, HiA
SALBN =LA, A2 mLSBNEE, &%, MR
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K EEBUR YR s B EJEA N, A
T EAES B AR URL T4 5 FH0.45 wmif i3t
S5, AT . HPLCA P & F . TR
# Chiralcel AS-H (Daicel Chemical Industries,
Japan, ¢0.46x25), Wi IEC e/ ZHE (94/6,
V), i1 mL/min, ¥:i#35 °C, K135 K274 nm.

1.9 SFNFEISH
19.1 4rFXTHe

1 F 4% F X B2 8 AutoDock!® & Xt
MAO-N-D5 i Ak i 254" (PDB ID:
2VVM) HURPIERRR S PUHE (R BUAT S BY) dkAy 1
RIS, R 3 2Z a A /E R Xt
$2)V F Lamarckian genetic algorithm, & FI/i§7>F
K FH Kollman HLAf 200 A5 AR (04K A 23 18] 1)
FAD K Rty , KK 60x60x60, HALZSECK
FAEAFERIN, A EAT 150 RSy R HEE B
X2t SR HEOHAR G 22 (8] B 340 )5 ARl 22 RMSD
iy, DL 1.0 A AfsifE. mfait i E AR
Z 5T 4P A RE R PR G Ry Lk S AL
Tl FEL R S VU AR TE A A 42
192 HTFahhE

g WE 5T B R 98 78 0 A 1 I = 4E 25 A Y 52
M, FRATLA MAO-N-D5 Bz S Ak B () S PR 2544
LA, 8 Chimera #{4EPA BIMEE T 5848
R A-1 1 ep-1 W) =425, X5 FH Gromacs
BAEPB%E A-1 Fl ep-1 KR PEFT 20 T30 f12
W, AR HRR S T PR AR R e 4 .
B MER R E T RN 78 A x 78 A x
78 A FMIMEK & T OKSrFRA] TIP3P
K, 15 AMBER99SB 7137 T A4k FH i bt T
R0 LA B 1 43 AR R EF T 3000 21
At/ MEIZ 8 ARIEHATEILR KB, fif
TR ZAE 300 ps N HT 0 K 24 THEF] 300 K; B

XHARZRIELT 200 ps AFREIVES) 23158, LAE—
ARG ; B e >R NPT RZRI0 52 T 20 ns
W firis s, R RIKBS) SR

2 BREM

21 5 PCR RTEMHE
B A-1 BERU R, $2 IR )4 PCR
WEAE (R EE Mg FIUR 27 ANTPs ) HE
TTBENLRAS . S PCR 453 nE 2 pros, B
ZHTE 1500 bp Bii, SFRIE(H 1488 bp #£ik .
158 I, BEBLIE AR SCIR AL Sl B v KUt
PI. W, RS ZA R, BORIRT .
ABFFEHLHE MegaWHOP ) J5 3, LISy 4% PCR
PRI, LIS a-1 BRI ORI BR , &
TE ARG AT B PCR 434 F0 Dpn T 4b¥E, BRI

F AL B2 Z5 A0 M TM109 (DE3)., X Ff iy ik
AR, WD I RAL SR A TR, B R AL

& B MegaWHOP PCR 7= ¥4 4k A M )&
20 )i IM109 (DE3), $i3eid i, WAEwIAS

24
S

E 2 5% PCR #%B: HikE

Fig. 2 Result of epPCR. M: standard nucleic acid
molecular weight; 1, 2, 3: three samples of parallel
epPCR.
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JkL, BIARASREALIE AR o Bk I 45 SR an &l 3
i
2.2 RTEBITHIE
221 FARTRE

B JH A A T R A A ) 2o R v A R
FALE, T E BRI AL Y s
IR AR DA o AT P e A A It 0 1 1 TRV

Template
plasmids

3 Mega PCR #B Bk [l
Fig. 3 Result of Mega PCR. M: nucleic acid marker; 1,
2 : two samples of Mega PCR ; 3 :

pET28a-MAO-N-D5.

plasmid

x1 RTEERFHANE

PR AR X — RO E T RZ 10 000 ST TE
FIBEHLIEAS 2R, PRI 90 A BHPE T 74 A7 55 0 .
2.2.2 96 FLIRFE

B Je AR A AR Ak S N BT 7 A 1 SR A S
AR o | AR, DL 4-AAP
(4-aminoantipyrine)fE h E LA, L I KoK 4
T, 4-AAP WDIHAMSIEE, S EFRRIE
RLT ) S e i o AL 4T B IR, TR
5 B SR AL S 7 AR Y AR X — S
£ 96 FLA FHEA T 0, PRIEB RN 10 4
RASTRR, AT — 0 TAE,

23 RTLTMHFNINERBELERBIS
D

B o6 LR I e FRAG I 10 R A8 bk, WEA T3
PR 2 ik AR P 2liAb J5 D e B s ) o a8 Hh ERTE
R 6N AR HET T DNAM T, 25 R4 34
RAKR R T RAE, Hrhep-1I4E N TI162A,
ep-7HW262L/D287N, ep-10°HT324A ., %345
AR BRI A LTS I E AR (FR1) K. ep-1
B EE IS T HEA- 13275 T 89%; 273 /4™ T Ak U 22 )
AR, HEAFNFE,

Table 1 Specific activities of wild-type and mutant MAO enzymes

Variant Mutations Relative activity (%)°°
MAO-N-D5 =
Al F210V/L213C 100
ep-1 F210V/L213C/T162A 189
ep-7 F210V/L213C/W262L/D287N o
ep-10 F210V/L213C/T324A e

a: indicates no activity was detected; b: relative activity were measured under standard conditions and calculated by
defining the activity for A-1 as 100%; c: values are means of three replications; d: relative activity of 100% corresponds to

an activity of 1.2 U/mg protein.

http://journals.im.ac.cn/cjben
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Ry 36 E i 3 B A AR MR ) TR B,
FAAEACBEEIES 75 J5E 55 P9 A IR 40 RO o 25 1 (%
2) BN, ep-LRICRERIFHRAZEF, Mok
HEA K EA-1—H, HTE99%LA I, FRAEXT
WA Ve B RO EAE U 10132 75 22825 B A4S
5735 il 1 S PR T A2 A- 1 T B

PAA-TAXT R, i — 2000 2848 F-ep- 111 8l ]
SR MES SRR (RS), SA-UHE, ep-
[ K nfH H160.74 mmol/LFFAKE]35.94 mmol/L; ep-1
) ke (E A BTG A0, (HEIEAT R 5 KK HH
0.001 51 mmol/(L-s) #&&%]0.002 89 mmol/(L-s).

24 HRTEHEYFFFES R

PLLLR 2R W B e, Ak e |
FrE—H M. e . 7 A REFIBR I e,
MAO-N-D5 ., A-1Fllep-1 =R (Y KP4 54k,
SR WLFA, ATLIE N, ep- 1A G S MK L
A-UIE TR . H5AREAEMMAO-N-DSHLEL, A-1
Hep-1xf Hd1, 2., 4F6 PRI TG S 38K
PETt, HA I AR AN
25 MAO-EYFEEEARRTIR=4%EH
SR

N Ay F e o A5 2 T AR MR P Eh R

F2 EEFHSRM

FE PR FIMAO-N-D5S 45 SR (K14), B
YRR FEVEH(S)- Ak, HFMCIET LUK
LR BRAR . PEMAORT T i (i i AL AL il ]
L, RAEXFEBGT, IRYFECEMHEF
A BEA WO B B EEFAD |, 1 o€ A AL
JE 5 RESSFAG IR FPEC AR F B 5 STEIAH
B, SAMIEEFADM 51, FHRAIEY A GE

e

o

4 MAO-N-D5 5R#(S)- BB XA B E SRR
Fig. 4 Binding conformation of MAO-N-D5 and
(S)-mexiletine.

Table 2 Specific conversions of MAO variants to mexiletine enantiomers

Mutantions Conversion (%)* ee  (%)° E°
MAO-N-D5 -- -- --

A-1 53.6 99.9 101.0+£34.2
ep-1 513 99.9 282.0+56.7
ep-7 39.6 48.4 11.0+1.3
ep-10 52.1 89.5 31.0£2.5

a: substrate conversion; b: enantiomeric excess of substrate; c: enzyme enantioselectivity.

x3 REBHINFEH

Table 3 Kinetic comparison of two mutant MAO enzymesa

Variant K (mmol/L) Keat (5°7) Kea/ K (mmol/(L-s))
A-1 60.74+5.86 0.092+0.009 0.001 51
ep-1 35.94+8.09 0.104+0.013 0.002 89

The steady-state kinetic parameters were determined in 0.1 mol/L phosphate buffer (pH 7.6) at 37 °C.
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x4 REBRYITRMNE

Table 4 Substrate specificity of MAO-N-D5 mutants®®

No. Constitutional formula

MAO-DS relative activity

A-1 relative activity ep-1 relative activity

(%) (%) (%)
NH,
1 ﬁ:(o\)\ 0 100 189
NH,
2 (jj 3 177 174
NH,
3 347 146 199
NH,
4 ©/\)\ 121 173 228
e
N
5 ©AH 2 675 2 260 2772
NH,
6 /\/\)\ 88 139 210
7 ©)\NH2 589 112 209
NH,
8 ©/K/ 731 778 724
NH,
9 1 6 5
/O\)\
NH,
10 \/\)\ 156 41 73
11 0 5

;z
I
N

o

I

O

a: purified sample (10 pL) was added in 1 mL enzyme activity assay mixture and absorbance at 510 nm was measured after

10 min incubation at 37 °C against a control without sample; b: relative activity were measured under standard conditions

and calculated by defining the activity for A-1 reduction of mexiletine (1) as 100 %.

VA UL, X MAO-N-D5 & [ X IS4
HAT FAEIRo 66 S Mg a7 & 4 hag T
PIESR, DLEET @b i Trp430. Phed66 Fil
Trp94 = AMRSFIEFREK i FAD FURH % %
A FEIAE — N /N B K PR 1 1T 4% v, AT 53K
AR X 43— A R SO A v R IS ) ek e
IL &
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AT 7 B I 2 A QAR A 25 A 2 T 7E T B
520 MAO-N-D5, FATEA 253+ 3 1 2 VAl
RERAEMW A-1 M ep-1 =445 5
MAO-N-D5 W ah iR S5 HE T 1 8m, HAE Ak b
BRI AR 3L (LASHEE FAD K i 5705 R NS JEFh o
O, JEFE 10 A DAINBIFTA L) (93 il 0]
5o BRI, 3 G5 H I 4 S5 A S RE R AT ()



BFEE FHENRERSREAEETE

& (MAO-N-D5. A-1 fll ep-1 (&5 435l bRIE A
W, gEMaf), RUIMCEBRA T
MAO-N-D5 45494 B KAk, ()&, Eh A
PR . H—, #H A Trpd30.
Phed66 Fll Trp94 [ H . FAN 5K | 3 Ak
B RASHTE AN, A LL ep-1 #E Trp94
loop FFRIHR AT, XL A-1
il ep-1 REGEHIR A AN R IRy ; =, [
AR O I ZERE o IR AL TN i T
CASEIE F, /£ MAO-N-D5 NP
a-helix, 7£ A-1 H1°4 loop Fl a-helix (2546, M1E
ep-1 HII4ER R PR 1 loop 4544 . 24K loop
SEMTERGSS G BRI 5 F I o- 1R B
AR IESELLE PSR ZER AR R R A-1 R ep-1
TE A A0 R R 5 7 1 M S ARUIC ) Inh 2 30 i B 5 1Y)
HEALRE 13 T 254 SEh o B AR AR A 210,
213 1 162 So7BFREL, XIE T 3 PRALEE 2

B 5 RTK AL (RE) M epl (LB) 5
MAO-N-D5 (5 &) .o =HEr9E

Fig. 5 3D superimposition of catalytic centers of A-1,
ep-1 and MAO-N-DS.

FAD R Ui 57 M6 R 3 3 5008 , i HE T A RO 7
Fil o IXPPEEH RS AR R AR B R AR I AR ST TR O
FREEARSC, M Jad i A P 1 — R4 iy
R 1 AR M 8] R FEAE G

3 Wit

Ll VI . 96 FLAR A T K W& I 5 , 3K
BT 1 ARAEF ep-1, HMUEHEA T162A
RS T 89%. MEFRMENEL R BN, ep-1
X BRI (B AT A-1 ML, ee YI7E 99%LU I
FAEXT BRI LR E (B B 0R B A3 -
XU T162A F8 A8 T BiHE Ak S g B

2 EME SRR, ep-1 1Y K, (B BFF
fiX, B ep-1 XFIRMIMIEM A e, RAE
HEAL TR E A RE T Koo (B UG IR 2 o 256
HWAEER, T162A 58748 0 4 m T Mn 1L
RO (Keat/ Kin) o 53 F X 4T 50 80 1 240 58 2 B
T162A ZE7A8TERGE PRAFIE Ik O SR LA 42 11 3
fili b, (AR IS M T 2R RS A-1
[ loop-helix 54 %% 748 Jy 58 A W E 221 loop 4
I, DT R W ) e R4t 4 S AR B 3 1 461

RAE ep-1 tb A-1 Y ELEREPE = T 89%, fH
JEbR PA RO H A TR E M, B Tk R
JH B e S S R B K A Y, T ad t
— AR T ek
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