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EH, RAIF GAD Bt 84k, ARG AR TR ERBRG—HEGF y-RA TROHEMIATE
(Lactobacillus plantarum) ¥ 35135 5 2B BLA B LpGAD, K TBa& G R @ w4546, %4F 9 Mo
EHATR ERERMASRE, BFHREAELERIE T ZREIR LpGAD PSR 4 tg v, pH X 4]
NBEE N BERRS, LEERT ERTHpHO6.0 TobsE, AHIABN1.684%. Tk, @idHT
B) ) FAEBEAT T BEE R S NI, I, ¥ Lpgad 5 Lpgad® VPPV £ T KR 5 5 R B
A H (Corynebacterium glutamicum) E01 it & A, @3 E T BRMREFNEIF A R IR E
40 °C, BRE ODgo=20, &4 L-2>%B 100.0 g/L, 5-BRELL"5ER A8 4 100 pmol/L. 5 L & B4
¥, RAT pH, @i oI AEM L-5AB, y-RA TR &5 4028 gL, RABEAHRRST
1.631%. KR ARAFETE T LpGAD &) pH T B ABeE, 57T vy BAT RGN E, HEIAN
EMAEA T b =R T T .
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Abstract: y-aminobutyric acid can be produced by a one-step enzymatic reaction catalyzed by
glutamic acid decarboxylase. The reaction system is simple and environmentally friendly.
However, the majority of GAD enzymes catalyze the reaction under acidic pH at a relatively
narrow range. Thus, inorganic salts are usually needed to maintain the optimal catalytic
environment, which adds additional components to the reaction system. In addition, the pH of
solution will gradually rise along with the production of y-aminobutyric acid, which is not
conducive for GAD to function continuously. In this study, we cloned the glutamate
decarboxylase LpGAD from a Lactobacillus plantarum capable of efficiently producing
y-aminobutyric acid, and rationally engineered the catalytic pH range of LpGAD based on surface
charge. A triple point mutant LpGADS**®*/PSRY30K wag obtained from different combinations of 9
point mutations. The enzyme activity at pH 6.0 was 1.68 times of that of the wild type, suggesting
the catalytic pH range of the mutant was widened, and the possible mechanism underpinning this
increase was discussed through kinetic simulation. Furthermore, we overexpressed the Lpgad and
Lpgad>**NPERY3UK genes in Corynebacterium glutamicum EO1 and optimized the transformation
conditions. An optimized whole cell transformation process was conducted under 40 °C, cell mass
(ODgpo) 20, 100 g/L L-glutamic acid substrate and 100 pmol/L pyridoxal 5-phosphate. The
y-aminobutyric acid titer of the recombinant strain reached 402.8 g/L in a fed-batch reaction
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carried out in a 5 L fermenter without adjusting pH, which was 1.63 times higher than that of the
control. This study expanded the catalytic pH range of and increased the enzyme activity of LpGAD.
The improved production efficiency of y-aminobutyric acid may facilitate its large-scale production.

Keywords: y-aminobutyric acid; glutamic acid decarboxylase; pH transformation; surface charge;

whole cell transformation

v-2 5L T MR (y-aminobutyric acid, GABA)/&
— Rl pu a0l R A SRR, W A7 A TR
Y. s AR R AT DR bR ) e
ZAMMIEARRED . 25 A AENIME ., 0%
S M B R, SRR N Tl A e
T A AT AR SR B Tz 1 T AR s
. BmHO EAE T &SR, R GABA
AFER R ERE, WY E S eEA A
WA . (A2 ERIRHE & Tl b A = K gkt
HRFR, YA R GABA HAA ) R
IR TS AW B XA o A R R
B (R A AL, 2015 4E, Pham Z5P%E 55
NP = SR N N R I PR TR E AW
W 25 A6 K A 1T (Esscherichia coli) XL1 T REH
PR, DL 10 g/L #j&M L B3RS GABA WK N
1.3 g/L. 2022 4F, Zhang 2515 RIS | AL
TR TR W AU 4 BR B8 T 1 (Corynebacterium
glutamicum) ATCC 13032, T FEEARAME
KEE™ GABA ik 23.07 g/L. HHij GABA %1%
Az PR IR TOTE AL AR D5, HR BT
WA B R B, AETE T
PEPGI R 2 . AR R SR R, R A A
s fk— 54 GABA 2% [H NAMIFIE & 1Y
Iz EmAN,

2 5 R i 2 i (glutamate decarboxylase,
GAD, EC: 4.1.1.15)2—FllFs A0 11 8 KM
R, Tz A B YRR E Y
HAevr 2 ey b pum e, Xk ik gy
IEHMAMEEA EEEH. GAD fENEME
BUEN & GABA BYBRMEREE, 76 5-WEERNL S
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(pyridoxal-5-phosphate, PLP)/D&iM T, & —
PEHAEL - IR IBR A2 GABA #l CO,, %
P RN AR, AR R AR GAD A
PRERZARNRFIR AR, IR R RS
ST GABA J7 HE M PR ELIR . 2013 4F,

Tiang N BRAERE L 181 43 25 th— Wk~ GABA fE
1% P TR B2 BE (Saccharomyces  cerevisiae)
MI2, 28°CHiF52148h, GABA = HRiVA 5.823 g/L.

FLURRHIE R GABA FE AR, HILRA
GAD i JJ#%. 2010 4F, Kook %' T #27
FLER AL A L GABA EES, 7E—HRIBE L
¥ (Lactobacillus sakei) B2-16 Wi F ik YL
¥ (Lactobacillus plantarum) ATCC 14917 2K
B gad JEH, T GABA Wy~ &, BHAR™
GABA i KR E35 265.3 mmol/L., R ) ik
SN i TR IO R AR, H A
RN TESEATEERNTE, W1 KF
it GAD B, i HHA DL R Tolv @ LRy H Sk
FUAETERBEIT . — 7 ZE XA GAD
M HEALRCRAR . PG M 22 AN G FF 8t AR 7
PEATROAREHESY, 1 2016 4F, Liu 2755
MR B R ZEHIHF R (Bacillus megaterium) >R i
HI BT AR LR BmGAD #2157 g fEfk
TEVER Viax o 2020 4E, Zhang 255 ok 5471
S A M RETEEA R, R M AT A
(Lactobacillus brevis) CGMCC No.1306 FE 1
GAD AR E T RBEAL A, 2R1G T HA B R A
FaEME ISR 1.67 f5RIRASIK S325A.

2020 4, EAPYEL T L. brevis CGMCC
1306 KI5 GAD i loop XIS B-54 f 4544
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KA, XWEHEAT o FOGE, fEm T R AR E
Mo 55— 5 4% GAD A pH fWBRTE
ARE L, St pH RFIERIBESE . 0 2013 4,
Kang 225 32 B8 E. coli PR GAD FZh+y C
KB, RIS GADA466, KT T
Btf Y pH VEFITE R . 20144, Shi Z5PU4E 45 ik
PR R FBOAGE T L. brevis Lb85 SRIFM
GAD i, #R1F4E KA TI7TUD294G/E312S/
Q346H, #&5E THEE pH 6.0 &0F FHMBALIE 1,
H—21E C. glutamicum ATCC 13032 R IERAS
PRBIhH T T GABA A7 ik, [A4F, Shin 4%
W L. plantarum ATCC 14917 KI5 19 GAD Jig4h
Pk Ry, UG C sk AL s (EBETE pH 4.0-8.0
()32 30 [N R I B A TS R 4R
e A E i v P PR R AR S O, NI RE DR
MR IR EE T A R AR R B B E ], I BB 3R
B AERR A IR . JCHLER B, DA B 4
T IR R, BRI 7 AR

SR AR IR A GAD B pH Mo
MHET GABA G RN LR EHKRERA
B RS . AN e — R R 2 s
I %= H R = il % % T 1K (atmospheric  room
temperature plasma, ARTP)i%2 AAE Y ZLAT Bk
TR 25 S R I8 P2 T LpGAD i3 T8 14 3% 17 i fof
PRSI , TG T R pH & VS DR 1
B TR R . B TR AR HEOA 2]
mh 24 4 TR KK (generally regarded as safe, GRAS),
DN e e PR AT S PR PR AT IR D IS B A0 i, Jd A
N PO SV N 23 R AR ok /W PRI S
FIEiEAT 5 L KFERES AL b scss:, Sl 7
L-AAMRE] GABA MImEAE M. AT STEM
BRI TE PR AL pH AT o T e IR f
H PR B SR AR I AR A TR, 418 g T 4
7 GABA fit )], P& malny Al )y
B, HT A A P 35 LA
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1 S

1.1 ##l
111 EHRFNBhL

KIGAFE E. coli BL21(DE3). FWAATEH
HG-06" IR A RVEAT I C. glutamicum E01%
P A S 56 25 {7 8 . pET-28a % ik 24 (JFRL bt
PE . KanR)Hl pXMJI19 535 B AK (TR 01 -
ChIR) FH A 3255 % - A7
1.1.2  EgF0It5

BRI ME N U)EE . DNA R A B . DNA
Marker g H TaKaRa 2>#]; [ Marker 14T E
R A REWHEARGRA A o3 B0L
£ . PCR =Walifbidn & . a6 E 4 m) e A
B P B X0 £ W B 7 GENEray A Al ;
Pk % (Kan Ml Chl), SN B-D-BifR 2 FLBEH
(isopropyl-B-D-thiogalactoside, IPTG)I H 4= T.
AP TR RM A RAR; REARM -2
ST R (O al) i | - BB TR A R A
Al HRKE SR AR B E 2550 A B
2l
1.1.3 FE§F

SBA-40D RIAEYIMEIRAL, INAREF=RiA
YIWF3E s Thermo UltiMate 3000 {5y %50 A 5 3%
1, FEER CH/RBHE 23 F] 5 Gene Pulser Xcell H
ZFfLIY, Bio-Rad 2~Fl; 5 L KB, il
IRHEMIABRAE] 5 UV-1200 BUA] WL 284036
Eit, B2 AERA RAR; NGBS
WL 4 )81, Eppendorf A F]; AKTA ZEH
i fb 4L, Cytiva A R Rl 8 R Y
JY92-TIN, T U# 2 A Wk ey BRA 7]
1.2 A&
1.2.1 51¥i&it

3 o P IR ) FLAT A 4 S D LA TR I 4
PCR ¥ $43k45 Lpgad £, SB35 [R5
SR 1. 519 H I8N Azenta 22\l 5 .
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122 BEFRESERFE

LB #5572 (g/L): HEEFR 10, Afkdh 10,
FEfERy 5o 121 °CKE 20 min, AT RHFH
P

figi.Cr¥% ¥ (brain-heart infusion, BHI)}% 37k
(g/L): MG.CIRWK 35, 115 °CKE 20 min,
TR AR R IR

MRS ¥i573E(g/L): & 10, 4 RH 8,
BB 20, BERRKY 4, ZBRENS, FrERE
2, mhiE-80 1 mL, WEFRE P 2, BREREE 0.2,
— KB BR %% 0.05, 115 °CK# 20 min, FiFHEY)
FUF R
123 EHEHRBIWE

KIGHFF o A A DA LT B R 4

x1 KHRERRSY

JtsiAR, Lt PCR Y IESAS B AR BRI 5L R A
Bt Lpgad, ‘SZ RNV EcoR 1/Hind TXX
V) )5 19 pET-28a Jsiki F BE 47 [F U5 21 41
%, YL E E. coli BL2I(DE3)EZ A
Y, FEAb P TEYE PCR B0 UE, PRECSHYER
A TEE R, BRIUTORLIE U S6 i

KW FF T 5% A8 B A . LR 4O
pET28a-Lpgad MHMR, MRIGRAENL & TR
S1H%F (R 1) 51 PCR 43445 215 58 AR i L 1 1
WL B, FIARRA PCR 245 58 4 58 AR S
KRB, BR B SAEYIE pET-28a ks
R B Rl E A%, 1L ZE E. coli BL21(DE3)
ST . b FTEVE PCR BB UEARAT K/
ARG, RIUORL 6 B IE

Table 1 Primers used in this study

Primer names Primer sequences (5'—3") Size (bp)
S24R-F/P2 GTCTTTGGTGCGCCTAGAGAACAACATGATCTT 33
S24R-R/P3 AAGATCATGTTGTTCTCTAGGCGCACCAAAGAC 33
D88R-F/P4 CGAAAGAATGCCATCAGAAAATCTGAGTACCCC 33
D88R-R/P5 GGGGTACTCAGATTTTCTGATGGCATTCTTTCG 33
L135K-F/P6 TGTATGTTAGGCGGTA4AGCAATGAAATTCGCC 33
L135K-R/P7 GGCGAATTTCATTGCTTTACCGCCTAACATACA 33
E170R-F/P8 TATCAAGTTTGCTGGAGAAAGTTTTGTGTCTAC 33
E170R-R/P9 GTAGACACAAAACTTTCTCCAGCAAACTTGATA 33
H196R-F/P10 GTCCTTGACGTTAACAGAGTCTTAGACTACGTG 33
H196R-R/P11 CACGTAGTCTAAGACTCTGTTAACGTCAAGGAC 33
A225K-F/P12 ATATGACGACCTAGCCAAACTCGATAAGGTCGTT 34
A225K-R/P13 AACGACCTTATCGAGTTTGGCTAGGTCGTCATAT 34
Y309K-F/P14 AGTCTTCAAAGTTAGTAAATTAGGTGGGGAGTTG 34
Y309K-R/P15 CAACTCCCCACCTAATTTACTAACTTTGAAGACT 34
A359R-F/P16 GCCCGCTACCTGGCAAGAGCTCTGGATAAAGTT 33
A359R-R/P17 AACTTTATCCAGAGCTCTTGCCAGGTAGCGGGC 33
E417K-F/P18 ATCCTTTCCCTGCTAATCTGAAACAACAAGTCATCCAA 38
E417K-R/P19 TTGGATGACTTGTTGTTTCAGATTAGCAGGGAAAGGAT 38
LpGAD-F/P1 ATGGGTCGCGGATCCGAATTCATGGCAATGTTATACGG 38
LpGAD-R/P20 TCGAGTGCGGCCGCAAGCTTTCAGTGTGTGAATAGGTATT 40

pXMIJ19-Lpgad-F
pXMI19-Lpgad-R

AGAATTAATTAAGCTTAAAGGAGGGAAATCATGGCAATGTTATAC
CAAAACAGCCAAGCTGAATTCTCAGTGTGTGAATAGGT

45
38

The italic sequences are the mutation sites and the restriction enzyme cutting sites.

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



BHXA SAENIAAEASRISHEL pH BENENMERSRENET a8 TE 2113

A G PRV AT TR S A A . DL A SR
pET28a-Lpgad FAH, PCR 4 RIS kLl
VI s P [R5 R A 6 D5 7 B, S e BRI
YIlf(EcoR UHind T)XEGYI G B R pXMI19
R E A BGE, %1 E. coli BL21(DE3)&Z 4
Y, I E. coli BL21/pXMI19-Lpgad Hikk,
FRIBUFAL 7 BORLIE I - 35 ik 2 Je, E2H ok
Wi 4L C. glutamicum EO01 BTSN #y
## C. glutamicum E01/pXMIJ19-Lpgad Btk .
124 GAD HiESRIESHL

99 UE B IS A R AR Y KRB, Y
ODyoo 155 0.6-0.8 RN HT i % A= 4 Wi
LA 1.0 mmol/L IPTG, 16 °Cid i S &
[k, 4 °C. 8 000 r/min &5.0> 6 min WEETH
&, 50 mmol/L . pH 7.4 W#ER % vh ik 1A W
(phosphate buffered saline, PBS)&:IFFAI AT
AR ANIRAFRKRZE 4 °C. 12 000 r/min 5.0
20 min J5ASFHBER , A 1 mL SR AR AT
alifk, 0-500 mmol/L PRMRZE PEARRE VeI S , Ik
E£HBENA, MA 10% (KT %) H i,
—40 °CI#4%. SDS-PAGE (12%N 4 Bt e ) A 2
1 #38 S ali et .

1.2.5 BEEEN AL

GAD &I kP O R R (1 mL)%
£ 0.2 mol/L FrEMR-F A5 RN M, 10 mmol/L
JFEH) L-43 & F1 100 pmol/L PLP, A 50 uL fili
WF] 1 mL TR R 0 5 2 o I B0 SO
37 °CRil 10 min J5, B HINEA 10 min 28 1k
R, BODEERESL . GABA FUEY) L-A &R
W23 AR 3BT SBA AR W15 8430
T o AR IIR RS FAL(U)E XA 1 min 7
A 1 pmol y-2 28 T R It i i o o

1R B 3 ok 2 B 3 o o Y €4 7K (Bradford
PMEPY . GAD WIS 7 kA2 v AR R I
A BB S50, B Ulmg, DL

&: 010-64807509

5 e IS 700 S5 1A R il 3 S vy 45 4, 2
il AN 7] pH 2% i FIAS [ 38 B LR e Ak 33T
B JIEE SCH 100% , 38 2 I 2 B2 AR T ) 43
MY pH e AR B R e M .
1.2.6 REMSIEWFAZE

¥ LpGAD & M J¥ 4 48 &£ & SWISS-
MODELP Il 45 %3 (https://swissmodel.expasy.org/)
IR PDB 4544, @it PROCHECK I
Jo (O T A5 1F X8 ) 24 FE R 250 /N T 24 2 iR A
B 5%)f#i H Rosetta Supercharge (https://www.
rosettacommons.org/) 17 3 - % 1T B fuf 19 2K 11
PERITRY, @t F IR 10-20 keal/mol, 75
2| 9 PNRIMMFEIEIEN SL(GR 1) KA SEE
R MAN T AER, 35 g K A B AR
., PALys 8% Arg #EA72 0, il 2228 K
G 2 B R I FL AL AT
127 DFNERMNADFRUTZE

FIH Schrodinger2020-3 41 RS Glide
XM B LpGAD . SiBI AT PLP 4%
AR =JC B &Y, #— it Eyl R
B KRR RS e A8 Bl e
i Amber18 FAFEI5E A, HRIEF PLP 7]
Y2 4R ] antechamber 7157, H P LA 5 EoR
MBERARAE . ERARRRM 14SB 1137, M
Sander FHXHA R FEATRE R R/ MME . BEEHKIK
#7500 ps FIEN R ZBIAL, 1 ns SER S

7 5 (constant-pressure, constant-temperature,

NPT)RAUF P WAL B Beit 50 ns 1) NPT 46
Lo ARfRAIEE B 8 A, A particle mesh
Ewald J kiR KEFHEMERAD, W REETF
SRR A Shake BEEUEATIREICY, R
il i ] Langevin 5351, AR v 5k
2/ps. KAREGE A 1 atm, BoEKHK 2 fs,
B 10 ps PRAFSILE, % Al Tk —20 4
T
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1.2.8 £4HAmEE &4

PR IL A . AN M BT IR 45 0 WA T
&, EET 0.9% (BTt 540 NaCl 5l
e B AR ODgi=20, L-ZFRUE 100 g/L,
4HBIAF PLP 100 pmol/L, ZAFH 50 mL 41k
RZARFE pH, £ 37 °C. 200 r/min 5544 T 1k
20 min Jig BUEE

S L R BEREREAL 25 AN RS SR 45 o i s
wR, BEET 0.9% (FimiAB540) NaCl i
IR ODgoo M 20, 760 h A -4
2 100 g, HEIAF PLP 100 pmol/L, ZAFH 1
LEALIR Z A4 pH, 7E40 °C. 300 r/min 544 T
PEATHEAR o SO 3 A v B 0 4 AR R BORE L
B SR & it o
1.2.9 HPLC i &4

74 GABA ) HPLC 2 ik BUZ W
H 5% =% £ & (trichloroacetic acid, TCA)# B¢
5%, 164 CUKFEVIVER M 3 h A 8L, Bk
HWH 022 pm PRI S, R
OPA TELATA LA HTFEM . BiEH: . diamonsil
C18 (5 pL, 250 mmx4.6 mm); WEMAH A: BEAR
N8 /L. PUEIIE S mL/L, —Z.0.225 mL/L,
pH 7.2; WahtH B: BiRW 6 gL . W
400 mL/L. ZJiF 400 mL/L, pH 7.2; K%,
UV Detector ; il # £ : 338 nm; #ik :
40 °C; #EFfE: 10 pL; WiE: 1.0 mL/min, B
e : 0-22.5 min, 8% B; 22.5-22.6 min, 8%
B—60% B; 22.6-265 min, 60% B; 26.5—
31.5min, 100% B; 31.5-35.0 min, 8% B,

2 EREM

2.1 ARBRBRIBERMRES FUE
211 ARBMRERMEEMNEESRIE

GAD 2k GABA A= 7= ) S, DISLig:
% —Fk ARTP %528 J5 A ZLFF 1 GB HG-06 %
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P4 740 it , PCR 163545 Lpgad %:
K5, KEHR 1410bp (K 1A), #IR 123 )57
PR BB E. coli BL21/pET28a-Lpgad F-#4 7
Wik, SDS-PAGE Mg /R, 752 kDa
AR AL, xR LpGAD fE E. coli
BL21 H oS8l 1 RIE(E 1B),
212 ARBRBRBUEBEERMR

AN BE A5 T A A R B R 1 LpGAD T
T 45 R R, LpGAD B IR & R E N
37°C, T 55 cCHIEEHE J1 208 TR, 3045 °C
TN BELERF 70% LA IS J1(B] 2A); 40 °C
DT ORI 10 h 5, BRARERG ORIFLE 85%L) |,
HA RiF#FaE (& 2B). pH ME s R
7N, Hid pH i 4.8, [iEfE pH 3.6-5.0 NS
BIRFELE 60%LA |, 24 pH =T 5.0 BFEHE 12
BIF B, pH 6.0 LA _EJL P i A 5 i i (P&l
2C), XKW LpGAD e pH fwERYE, i rh
PEVE I N L RE I 22 B, XS5 LA
W98 —2, GAD BEfF7E pH VEHIX A Be 7 Y [a]
B, TEAIR] pH 254 N2 pH foEk, Ab
FE2 h )5, LpGAD 1E pH 3.6-5.0 i Bl N 5% 0 ilg
WG E T 80%, M pH T S48, g ™E
Bk, HE— U0 T %X PR B R T A2
(K 2D), ZE4 Ll E LpGAD YRR 45
IV ) & WS R Bl sl e 1 = N = N W
N FH A
213 ETERELHMEMRITRTAE pH 5
TR

FIFH Rosetta Supercharge [ [ B, fuf A
~76 LiEE]I-66, i 9 NIARNLE, KKK
KRIGF R AP, W Kk, 43500 pH
4.5 Ml pH 6.0 T WA= Bl il i 1B AE A 100%,
Fb B 45 PR S 9 AR AR T A A S AR IR TE X B A5
AT BTG (] 3), 4RI, BRf s H196R .
Y309K. A359R Ak, HA i fEMH % pH 6.0



BYE SAENITESERESBRE pH BENE NSRBI AR TE

TIEVERR S A R T ERYE pH 4.5, MAEEE] A S24R 7E pH 6.0 NG MEIR M & B, Y309K
TIZBMBGT I A R AT . BARAE fE pH 4.5 £ FIEER SRR, Fik, ®¥E

A B
bp M 1 2 kDa M 1 2 3
972

66.4
< LpGAD (52 kDa)

443
2 000 — SN, Lpgad (1 410 bp)

1 000 29.0
750
500
250
100 20.1

El1 B#EEBY K LpGAD B SDS-PAGE 534

Figure 1 PCR of Lpgad gene and SDS-PAGE analysis of the purified protein. A: PCR results. M: DNA
marker; 1: Lpgad; 2: Lpgad. B: SDS-PAGE analysis. M: Protein marker; 1: E. coli BL21/pET28a cell breaking
supernatant (CBS); 2: E. coli BL21/pET28a-Lpgad CBS; 3: E. coli BL21/ pET28a-Lpgad purified protein.
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H %4 TFr{E, & 2.8 L/(s-mmol), %75 i}
LpGADS*RPSRYOK 554 5 1/(s:mmol), {HAFHE
B, BTN LpGADS PRI
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A e/ Ko {EL S/ B LR B LB XA, 2
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HLEVIR RO T RS R, R AR R A
fiss FH % pH N AHAT T A AR AL RE T
JRiZE AR R EE 4 ok ATRE
H, —2 B R MR TR A T P,

*2 JRIAEE LpGAD ML T F S
Table 2  Kinetic parameters of initial enzyme

LpGAD and its mutant towards L-glutamic acid
substrate

/\7I'l‘

Variant K, (mmol/L) ke keat! Kin
(1/s)  (L/(s-mmol))

LpGAD (pH 4.5) 8.9 248 28

LpGAD (pH 6.0) 10.6 19.5 1.8
LpGADSHR/DSRYI0K g 3 37.6 4.5

(pH 4.5)

LpGADS2RDSSRY309K 93 382 4.1

(pH 6.0)
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Figure 4 Potential changes on the enzyme surface of wild-type superfolding LpGAD (A) and the mutant

LpGAD S24R/D88R/Y309K
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(B). Acidic amino acids are shown in red while alkaline amino acids are shown in blue.
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Figure 6 Analysis of substrate binding mode in glutamate decarboxylase LpGAD (A) and the mutant

LpGAD S24R/D88R/Y309K

(B). Proteins are shown in blue, small molecules are shown in orange, hydrogen bonding

is shown in dashed blue, hydrophobic action is shown in gray and salt bridge is shown in yellow.
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