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FAZG, KR IBILS I KR ) 668 GshAB #F= ChPPKgginki03v> X 48 A0 /& K K 4m A0 AL 2
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Rational design of polyphosphate kinase dual-substrate
channel cavity for efficient production of glutathione by cell
free catalysis
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Abstract: ATP is an important cofactor involved in many biocatalytic reactions that require
energy input. Polyphosphate kinases (PPK) can provide energy for ATP-consuming reactions
due to their cheap and readily available substrate polyphosphate. We selected ChPPK from
Cytophaga hutchinsonii for substrate profiling and tolerance analysis. By molecular docking
and site-directed mutagenesis, we rationally engineered the dual-substrate channel cavity of
polyphosphate kinase to improve the catalytic activity of PPK. Compared with the wild type, the
relative enzyme activity of the screened mutant ChPPKkgip.xio3v increased by 326.7%.
Meanwhile, the double mutation expanded the substrate utilization range and tolerance of
ChPPK, and improved its heat and alkali resistance. Subsequently, we coupled the glutathione
bifunctional enzyme GshAB and ChPPKkgin.k103v based on this ATP regeneration system, and
glutathione was produced by cell-free catalysis upon disruption of cells. This system produced
(25.4+1.9) mmol/L glutathione in 6 h upon addition of 5 mmol/L ATP. Compared with the
system before mutation, glutathione production was increased by 41.9%. After optimizing the
buffer, bacterial mass and feeding time of this system, (45.2+1.8) mmol/L glutathione was
produced in 6 h and the conversion rate of the substrate L-cysteine was 90.4%. Increasing the
ability of ChPPK enzyme to produce ATP can effectively enhance the conversion rate of
substrate and reduce the catalytic cost, achieving high yield, high conversion rate and high
economic value for glutathione production by cell-free catalysis. This study provides a green
and efficient ATP regeneration system that may further power the ATP-consuming biocatalytic
reaction platform.

Keywords: polyphosphate kinase; ATP regeneration; mutation; cell-free catalysis; glutathione
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ATRFEE R R . TOHLERBERR LR (polyphosphate,
polyP)J& A JLFBEIR Eh ) —Fh R R G, B
PEAL T TR A TR N AR AR W %) i A T A b
B, AENE I RIAEAY . BB, MRS, B

B<: cjb@im.ac.cn



3320 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

T BN 4 Jd B AU AR, 2R
£ B (polyphosphate kinases, PPK)fEAL ) TCHL
RUEREL S ATP (7] 3 [ 0 4552 X7 . PPK 7]
PASYH9 2 S50, B PPKI FI PPK2®, PPKI {5
] F LA ATP A iy B R 3L AT R JIEY) & B polyP,
BN, KMFF# (Escherichia coli)sk ) PPKY!
SR T L) PPKI 28, PPK2 IR B HAH
FREE, T RUMiEAE polyP A1 A B 11 W 2 Ak o) fit
PRI HRT, SOhRER £ R MR B PPK 5]
ENATHTIZ G, SRR 5 15 B IR £
(polyPYENIEY), J&TF PPR2-TIZKM, BE AT LIk
ARRAT A2 B B IR T, 0 T Ak — MR i 11 A
IR T

25 e 1 BK (glutathione, GSH) /2 Fr & 4= ¥+
TakZAFEARmELEY, BAhAEL
L fRE AN s B HE AR I RE T, T2 T
TN L L T S AR 4 7 R Y Rak o B
JR ) H & T bk 3 B TR VP 1 B (Saccharomyces
cerevisiae)'’, Chen 25" *hz i A AL 1 3 A RE = AL
T SR I 2 e TR R B i R A A D A
i, AR ERE 5.76 g/L A BEH K Schmacht
U R 7% 3 A VA T Ak SR AR TR) A 2 ke
RAPRULIME WS J5, Ao 2 BRI e B2 (1 459+
57) mg/L WA MEH IR, filr, 78 Jo 2L Ak Bk
(Sreptococcus agalactiae) & L T — Fih 4 b H
AL RER(GshF)!'®, B AT DL B AL T A7 4
i, Ehtam A =R G GSH, 1R 2 70+
ATP /974 #€ o Liu 25 U7 &5 & MR ¥R AT
(Corynebacterium glutamicum)'#J# T GshAB
il AE 7 A3 B T RR A ACI T ARIR AR, FEAN TSI e
RAIRMB AR T, 4 756 mg/L M4
Bk . Zhang S E R T 3 ik GshAB i,
FEXTA B H KA A s 2 24T T4, R A Er A
PMEIR . FER AT RS, #MR R R A A
7 5.87 g/L I IEH K. Yang 2087 KT 4
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LA IR R TGN 80 mmol/L ATP, 4™
A 11.2 g/L A H K. R B A 7= 4 e H K i
PR IR, BT B R AT AN MR B L )
B3 = 4 i 2 e AT T e 0 R A A AT AE
WK ATP SBUSA R IR &, 7EfHEE ATP
ARG, aifgEAb T LOg> ATP B,
BEIE RSB AL . Cao 2P GshAB &5
PPK 4lifif{A Z FF sl 20 mmol/L ADP A j=4:
12.32 g/L MAFIETTRR, A2k F] 80.24%.
Zhang %2444k 1) GshAB i 5 PPK 1@ 41 il IR
&, A EE] 8.8 g/L IAMEH Bk, R
ikF| 81.4%. T PPK FAEIKRMINA, 7T
DA T BRI A 77 A, H 2l A AR AT SR A7 A
ATP FRAERCRAR . R EBAE R,

AMHFEXT ChPPK BEEHEAT T A5 53 BT RIS
VI SZ AT, S TR AR, K
PR 22 TR IR 6 AR (14 U 03 3 J O ke 32 il
6 AR I PPK 745K, #2555 T PPK 14
fesicR s [, IZRAR AR TR B iR iy
I FH T R 32 |, 22T 04 T AT R e th A
—E MR . TR RN ATP L4 6E
NIRRT ATP FAEFGRETHBEH K. 7ER
JAFE DR R A T AR A D RR R aA AR, LG A
SR IIE AL e R A7 IR AR
ATP 14 RGEA A B IRSR AL N EVE Y ATP,
P T A RFEEAY ATP FRABERY X JC g pafi ik
TR R PACSE SE T = 7= 4 I H K o X b s s
) ATP PR RGN KRR T A7 A, #ise 1
JIEYIE R, M TR 21, it —
I FH A= AL SO0

P

1.1 &
1.1.1 BRI FNEE ok

ki pET-28a. KMz#T s (Escherichia coli)
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BL21(DE3)YJ A SLBG EARAT o ARSI R 2T 4
[# (Cytophaga hutchinsonii) (GenBank %55 .
WP _011583516.1)f) ChPPK FI I JCFL A% BR 14
(Sreptococcus agalactiae)fiy) gshAB (GenBank %
K51 NZ_CP012480.1) 1 70 M 4 MER AE W B L
A IRAFE
1.1.2 EFE

LB Higrdk(g/L): Welhi 5, &Mk 10, &k
BN 10, EAREFRHANA 1.8% (AT B0BE
1.1.3 k5

“ARBEEREN polyPs. 7NIRIEIREN polyPs FllZ
IRBERREN polyP, W FBiTHi T (Fi) A BR A, Cb
AR 5 W -6- W IR T NI T 8K 5 Sigma-Aldrich
RAIAHE, FER. AR, HER., 7
Bk, ATP g2 TAW TR BR A A
oAbzl 0 8 22 5Ok iR Al

* 1 AWMRERBER

1.2 75k
12,1 FHXFTREKRNEE

SRR LR 1, 50
%2,

ChPPK 5 gshAB &[]t 7 M 4 MERS A= Rk
HARA A A, A FR. pET-28a-ChPPK |
pET-28a-GshAB. #% H&FT A M %W @3k 43 E.
coli BL21/pET-28a-ChPPK . E. coli BL21/pET-
28a-GshAB, ¥ E. coli BL21/pET-28a-GshAB
4 h ECO1, 43r%|LAUk; pET-28a-ChPPK I
pET-28a-ChPPKysinkiosv WA, LAGI4H P3/P4
P 14153 ChPPK 5 ChPPKysinkiosy F B, H#E
53 E. coli BL21/pET-28a-GshAB-ChPPK . E. coli
BL21/pET-28a-GshAB-ChPPK s .10y » 23 I 44
& EC02, ECO03.

Table 1  Strains used in this research
Strains Relevant characteristic (s) Source
E. coli BL21(DE3) The host of the recombinant protein Laboratory

EBO1 E. coli BL21(DE3), expression ChPPK in pET28a(+) plasmids In this work
EB02 E. coli BL21(DE3), expression ChPPKgt in pET28a(+) plasmids In this work
EBO03 E. coli BL21(DE3), expression ChPPKyg; in pET28a(+) plasmids In this work
EB04 E. coli BL21(DE3), expression ChPPKy o3y in pET28a(+) plasmids In this work
EBOS E. coli BL21(DE3), expression ChPPKy 3 in pET28a(+) plasmids In this work
EB06 E. coli BL21(DE3), expression ChPPKy o3p in pET28a(+) plasmids In this work
EBO0O7 E. coli BL21(DE3), expression ChPPKg 1103y in pET28a(+) plasmids In this work
EBOS E. coli BL21(DE3), expression ChPPKg 1103 in pET28a(+) plasmids In this work
EB09 E. coli BL21(DE3), expression ChPPKyg 1x103p in pET28a(+) plasmids In this work
EB10 E. coli BL21(DE3), expression ChPPKyg 1.k 193y in pET28a(+) plasmids In this work
EBI11 E. coli BL21(DE3), expression ChPPKyg1.x1036 in pET28a(+) plasmids In this work
EB12 E. coli BL21(DE3), expression ChPPKygy.x103p in pET28a(+) plasmids In this work
ECO01 E. coli BL21(DE3), expression GshAB in pET28a(+) plasmids In this work
EC02 E. coli BL21(DE3), expression GshAB and ChPPK in pET28a(+) plasmids In this work
ECO03 E. coli BL21(DE3), expression GshAB and ChPPKyg 1.k 03v in pET28a(+) plasmids In this work
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Table 2 Primers used in this research

Primer name Primer sequence (5'—3’) Size (bp)
P1 cctgtggegeeggtgatgeeggee 24
P2 atccggatatagttcctectttca 24
P3 cccgaaaggaageggttctggeaaatattctgaaatgag 39
P4 ccaagctgaattcgagetegttagtggtggtggtggtggatgatcgg 46
P5 accaccaccaccaccactaacgagctcgaattcagettggetgt 44
P6 agaatatttgccagaaccgcttectttcgggcetttgttagcag 43
P7 (K103V) tgacttccttcgtggtgccatccaagatcgaactgtccca 40
P8 (K103V) tggcaccacgaaggaagtcaccttcacgecttgtg 35
P9 (K103G) tgacttccttcggegtgccatccaagatcgaactgtccca 40
P10 (K103G) tggcacgccgaaggaagtcaccttcacgecttgtg 35
P11 (K103D) tgacttccttcgatgtgecatccaagatcgaactgtceca 40
P12 (K103D) tggcacatcgaaggaagtcaccttcacgcecttgtg 35
P13 (K81H) atgcagccggecacgatggeaccgtgaageacatc 35
P14 (K81H) caagcaatggatgcagccggecacgatggeaccgtgaa 38
P15 (K81T) atgcagccggceaccgatggeaccgtgaageacatc 35
P16 (K81T) ccaagcaatggatgcagccggceaccgatggeace 34

1.2.2 EFFE

PRRRIE AL : HAE L 10 uL B, FEAHD
PPk ) R AR R 3 IR, IRAS PR . PREBUR
W AR N AR SR 3, RIGFFE 37 °C
B3 12 h,

KIGHFHE R TR 5155 IR
FrEEFHE 1% (R BOR MR AN 50 mL
1) LB AR SR, IMAWKREE S 50 pg/mL Y
FNFEYA R, 37 °CHFE4) 2 h, ODgy Z1H
0.8 Bf, AN 0.2 mmol/L 5PN -B-D-ai AR 2 FUb
F (isopropyl-B-D-thiogalactoside, IPTG) 1 T %
ik, 16°C. 220 r/min 2505 FHi3% 14 h,

123 ZEEMBESEK

A % T 200 mmol/L AR 2% h3h 5 ik
(phosphate buffered saline, PBS) (pH 7.4)#', 4 °C
HEZE 15 min, FHERIMAMIET 4 °C.
10 000 r/min &5.0> 25 min, WHEKKE B, Hil
W Ni©-NTA #:alifk, 5 504ifE> . @i
SDS-PAGE *tafifb 5 18 e 7404, A ik

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

J¥ Hy Bradford J7 ki &),
1.2.4 PPK RVESENE

PPK. il 7% Wl 2 A S A R (2 mL) 5 (4
J&#) 100 mmol/L Tris-HCI (pH 8.0). 20 mmol/L %
Z5¥E . 20 mmol/L NADP. 50 mmol/L MgCl, .
20 mmol/L ADP, 50 mmol/L polyP. 5 U B
B . 5 U H#E-6-H R EE AN 100 pL 46REgEY,
W5 A A (polyPs . polyPs Al polyP,) . AS[Al¥E
JEF(50, 100, 150 F1 200 mmol/L)f¥) iR EL it
PPK MEfIE M . W AE 35 °CF 47 30 min,
WKW 5 min LAZE RSN, 12 000 r/min
B0 5 min, BUESEE 340 nm b E GRS
PPK MRS (1 U)E A% min E 1 pmol ATP
JT e ) A

PPK il 11 3 Y B I 5 - R R o Sl ik
25°C.30°C.35°C, 40°C, 45 °C. 50 °C. 55 °C,
60 °CAS[RITEEE S 30 min, F%HE F Ry kil
SE M o AR S (%), fem Y LU TG A
4 100%.
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PPK (1) fcils pH E KR R 43 3T pH
9 6.0-9.5 AR 22 ih A& Z Hpr, 35 °CJ ) 30 min,
2 B R 3 0 BTG o FHAE X B IS (%) o
I e 1Y HE TS A4 100% .
125 |REWHSH

K H Swiss-model Tijll ChPPK £ [ i) =4
244, F) FH Schrodinger-glide X 4 Ji5 ¥y 5 85 11 i,
A 3k X AT e R A A N 0 Y AR
flf % (root mean square deviation, RMSD)Z Bt |
o3 F-EE AL BERS ) A 07 AR U B (BB ), 3
M & (root mean square fluctuation, RMSF)ft 3
THTHREANREFMEs A hE, #A
GROMACS #47 RMSD FI RMSF 43#729, i il
Pymol FAFx & A i 47 Al A4k .
1.2.6 TERRTE

5§74 I ChPPK 1 K81 3 f5i & S 75 A T
H, K103 f i€ SRR V. G, D, FERE7N
) S A% 38 3o R T B R 9 A8 Ty 9 1 5 | ) ok 52
PUE s R AERT ) s R AR TS 5 ) LR 2.
PCR %14 LA pET-28a-ChPPK & DNA #ifiy, §™
WA K. 95 °)CHIZRPE 5 min; 95 °CAE4: 30 s,
58 °CiRk 30 s, 72 °CHEfH 2.5 min, 3 30 M
5 72 CCAAEA S min, BRAFHITE L FORE B
) 4 AR A R A B W BRI
1.2.7 PPKEEMIEN NZESHNE

K FRUEEOIE PPK Y Ko FT Vi 12
1£ 100 mmol/L Tris-HC1 (pH 8.0)¥ & o 43 311l 8
T AR ER) ADP (0.1-5 mmol/L)Fl polyPg
(10~75 mmol/L)XJH A= R (wild type, WT)EFFIZE
S it ) JS2 7 TR R
1.2.8 GshAB HIEGZE 14 BN E

GshAB i ] 22 2% F DU s me v Y ) g
A Z (2 mLYU & (M) 200 mmol/L PBS 2% it
W(pH 7.0). 7.5 g/L H4&Em# . 1 g/L DU 4 5 I A
100 L 4ifif, JZBi7E 35 °CF #E47 30 min, sk

&: 010-64807509

HE S 5 min DIZCIEBESN, 12 000 r/min £5.0>
B WS WAE 305 nm A E WO EE
GshAB HE#E (1 Uy 8 EE min 7”4 1 pmol
Yy 5 T

GshAB il (1) foi@ B A2 8 RN AR FR 5%
ST 25 °C. 30 °C., 35 °C ., 40 °C . 45 °C. 50 °C.,
55°C. 60 °CA[AIRBE T 0 30 min, #%HE F ik
D7 VRN WS o ARG (Y%o) o, B
5 AN 100%.

GshAB i pH Ml - KW AR FR 5350k
F pH 4 6.0-9.5 ] 200 mmol/L /A [a] 25 mhik R,
35 °CJz i 30 min, FHE R iR E BiEE .
FEXT B (Y0)FR7R , dhe e (1 EU BTG A 100%.

GshAB  [iff 1) il 2 Fo o Y 2 < % 2l Ak Y
GshAB M & T LR AN FRERE T, TRl pH &4
T RS 2 h ORI E B, AR AR

GshAB J#fy pH FooE I E . K aifh iy
GshAB & T ANE pH MZZ b, THod i
T RS 2 h BOREDN E BG40 BT pH RRE T

1.2.9 TR RAVIZE
3% ECOL. EC02. ECO3 )BT 75 HEfp

#| 10 mL LB @IA/NEH, 37 °CH5% 18 h, #
1% (AFUE0 R i ER 2] 100 mL LB K3,
37 °CHiF% 2 h, ODgoo 294 0.8 I, JiLA 0.2 mmol/L
IPTG, 16 °CH55% 18 ho AR, A 800 mL
PBS Z& & (pH 8.0, 100 mmol/L) A 4 ifl (ODyggo
H10), ERSIEALBEEFAIIE 15 min, B H

e
1.2.10 FTZBRERE SR HEK

KPEE BCO1 Tean A =B H KA 2R (1 L)
PBS 2%l (pH 8.0, 100 mmol/L)f & 4 & M2
50 mmol/L, H 4B 50 mmol/L, b2 &
50 mmol/L, ATP 100 mmol/L, MgCl, 20 mmol/L,
OB BE 7R BE R (disulfrosethreitol, DTT)
4 mmol/L, ODgoo A 10 B2 AE 24 800 mL .

5 min,

B<: cjb@im.ac.cn
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Ffl NaOH ## pH }y 8.0, 37 °CI i . & i EC02
il ECO3 JoamMiA: =4 H kAR (1 L): PBS &
i(pH 8.0, 100 mmol/L)f #4328 50 mmol/L,
H4& R 50 mmol/L, }M& R 50 mmol/L, ATP
5 mmol/L, polyPs 100 mmol/L., MgCl, 20 mmol/L,
DTT 4 mmol/L, 0Dy 4 10 A4 I 2477 800 mL.
F NaOH ¥ pH 4 8.0, 37 °CJ )i o
1.2.11  FiRREERE PRI

KIERE ECO1 Jean A= =4 bt H KA R (1 L):
PBS/Tris-HCl/ H % B2 -NaOH 2% i & (pH 8.0,
100 mmol/L)fi & #¥ 2 #2 50 mmol/L, H &R
50 mmol/L , -~} it Z f& 50 mmol/L , ATP
100 mmol/L, MgCl, 20 mmol/L, DTT 4 mmol/L,
ODgoo A7 10 A4 1 4% % 800 mL. F NaOH i
pH 4 8.0, 37 °CI i . & I¥# ECO3 JoAt A=
A EH KA ZR 1 L): PBS/Tris-HCI/ H % i2-NaOH 2%
B (pH 8.0, 100 mmol/L)fI 54522 50 mmol/L,
HZ R 50 mmol/L, FMZ R 50 mmol/L, ATP
5 mmol/L, polyPs 100 mmol/L., MgCl, 20 mmol/L,
DTT 4 mmol/L, ODggo /7 10 BIARIZAE 800 mL .
1 NaOH & pH 4 8.0, 37 °CR /.
1.2.12 HFRERENML

K BEHE ECO1 JC 40 M A= 7 4 I H K44 &
(1 L): Tris-HC Z& M (pH 8.0, 100 mmol/L)fd, 7
A &R 50 mmol/L, HZER 50 mmol/L, Fhta
2 50 mmol/L , ATP 100 mmol/L , MgCl,
20 mmol/L, DTT 4 mmol/L, ODg N 5. 10, 15,
20 (Y41 it 2% e 800 mL ., NaOH i pH 4 8.0,
37 °CI IV o & T HE ECO3 JCAH MLk 7= 45 e H kA
Z(1 L): Tris-HCI ZZ i (pH 8.0, 100 mmol/L)
15 E R 50 mmol/L, HZ M 50 mmol/L, 2
it & 2 50 mmol/L, ATP 5 mmol/L, polyPs
100 mmol/L, MgCl, 20 mmol/L, DTT 4 mmol/L,
ODgoo 4 5/10/15/20 FUAMEZLA AW 800 mL. H
NaOH ¥ pH 4 8.0, 37 °CIZ).

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

1.2.13  F4HRaELANRIBTE R 1L

KEEHE ECO1 JCH A A= 7 4 bk H BR A& &
(1 L): Tris-HCI Z& #j¥fi (pH 8.0, 100 mmol/LYf 7
AR MR 50 mmol/L, HZR 50 mmol/L, I
f2 50 mmol/L , ATP 100 mmol/L , MgCl,
20 mmol/L, DTT 4 mmol/L, ODgy N 15 BIZHIE
4 800 mL AR [R] 43 R — U Pk 43
AR RAR . 2R AE 22 50 mmol/L;
0 h #12 h 4 2 MKIATRYAZAR . H =R
e R (RPER R A 25 mmol/L), 0, 2 Fil4h 4y
3 HEUIMACIAR R « 2RIz R (R AR
B 16.6 mmol/L); F NaOH i pH & 8.0, 37 °C
N, KEERE BCO3 Tt AL r= 4 bk H ik iA& R
(1 L): Tris-HCI ZZ #{"¥% (pH 8.0, 100 mmol/L){d 7
AR 50 mmol/L, HZ R 50 mmol/L, FHtaE R
50 mmol/L, ATP 5 mmol/L, polyPs 100 mmol/L,
MgCl, 20 mmol/L, DTT 4 mmol/L, ODgy H 15
FI AN 2437 800 mL. #MBHF ] 4351 A — vk Pk
EIMARY A AR . HER . EER
50 mmol/L FI 100 mmol/L polyPs; 0 h 12 h 43
2 MIMARY A Ee . i, i@
B A 25 mmol/L)FI polyPs (I 4E A
50 mmol/L), 0. 2 Fl4h % 3 #HKIMAJEWB R
M. HamR. EhtEmRENMEXRINA 16.6 mmol/L)
Al polyPgs (AR ANA 33.3 mmol/L); Ff} NaOH
pH J 8.0, 37 °CFZJii .
1.2.14 HBLEBKHINE

= R A 4 5% (high performance liquid
chromatography, HPLC)3: il 5 43 b H ik & 2171,
WA A & 10 mmol/L B &% fith R 4 (1)
50 mmol/L KH,PO, (4 pH 3.0), IishiAH B 4k
AT, Wil A/B (KRN 95/5, fHiHH
Agilent 1260 Infnity HPLC &%, (Gi5{4hN .
C18 {0 1%41:(250 mmx4.6 mm, 5 um), ¥k 30 °C,
P 1.0 mL/min, WVD #l#8E K 210 nm, i
FEE 10 pl,
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2 BER540

2.1 ChPPK EgMUTEE. FTIASEEFMFNE

e B Ok VR M G W ZF 4E 1H (Cytophaga
hutchinsonii)f% ChPPK 7&K i #T i (E. coli) BL21
iRk aifbfE X LA R R, &
AAEKSE . ANEREMBEREE polyP X PPK
FIEE A o525, A 1A iR, £ 50 mmol/L
PIBEIRER VR BE T, N ImBEIREN polyPs B /m Xf
ChPPK F HLEE IS fe K, M(30.5242.08) U/mg,
WK JE 2 W W5 BR 4 polyP,, HCEE IS M (17.31%
1.54) U/mg, 1fii ChPPK X} JiE4) — s FREM polyP;
JUF A 7R A b 36 M, E Bl TS R (1.52+
0.79) U/mg. PFifids BEIRER M B 3E N, PPK Ay
FU RS B, 7E 100, 150 £ 200 mmol/L [
polyPs ¥~ , ChPPK [ LA (b iGvE; s
50 mmol/L polyPs tHLIL, JEY polyPs ¥ FE N
200 mmol/L B}, ChPPK 1Y FLEEHE MK T 66.5%;
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() EL TG SR ARG, e BRAIRE 0. [RItk, 3
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YR8 T1, P X ChPPK 1953 T Bl SR 1R L EE Y
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Th i Ja BRAR, 24 TEEE Sl 30 °CHI 40 °CH}, AH X i
TEATSRYEFFTE 90%LL |, MK 25 °C, 45 °C,
50 °CHI1 55 °CHF, AHXFEETE 53318 75.9% .
75.5%. 50.9%. 35.1%, i 4T #] 60 °C
mF, AR A 15.8%, G0 1C Fis, B
pH (% EFt, ChPPK i i AH X BTG S b Tt i R
i, ChPPK [§f¥#i& pH & 8.0, pH & 7.0 Al
7.5 BF, AR 43900 A 90.3%F01 95.5%, pH N
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ADP AHEAERT, I 1 18 i Fl A 5 S o) it
HEBEZW ., K ChPPK MIE L 5IEY
polyPs Fil ADP X4z, 4N&l 2A frss, ChPPK &
I FE IR AL PIEE o 18 0EEE, PRl
2E RIS, bIOrafA—DRAT R T IRE
g5k . FRREE R RS B A S R
J& polyPs Fll ADP Z [AI W2 KL A1 56 RL 0 61 .
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REIRYIREE polyPs. polyPs F1 polyP, Xf ChPPK HIESSE E2MH(A) LK ChPPK BY&IEEE (B)F &

Enzymatic properties of ChPPK. A: Effect of polyPs, polyPs and polyP, concentration on enzyme

activity of ChPPK. B: The optimum temperature of ChPPK. C: The optimum pH of ChPPK.
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K 2B Fin, X% BoR polyPs il ADP 5 D77,
K81, K103 Fl R133 5 ITE i FAHEAEMH . &
P15 R 1A B3 PN FR A FE R 43 R AL RE % S IR 45 &
IR AAMEA S, 1225 A1 B R 2 s BV AT AR Ay ik
BT PR 1A, T 4 1 0% 38T A 52 i il ) A
TEPER), R, X ChPPK & [ M543 b7 ) &
FLAURY) polyPs #1 ADP il iB A T4 K81 Al
K103 BRELA RE 22 IR kN, —20 50
LG PE DAY RGPk, FEHEI AT LU XU )38
E TR, PRI @ E , 2R
JEEAHE TGP DA T $E v T A T 1

PEHE K81 1 K103 WiA~sRIEA7 s, 2 H
Pymol XX 2 M 75848, I sk AL
D77 F1 K81 Z[A]pyfE 25 LA sk 5E K81 i1 K103

Z BRI 2C i, 2RAERT, Sk D77
FY AR5 5RE K81 AR T Z IR 5.2 A,
Ak K81 A5 ¥ 55k K103 B9 AU+ Z A 1Y
FEh 8.1 AL XFEkH K81 45 K103 #1748,

W Pymol BT AT H4L, 4nEl 2D P, J@
TN TR Z MIFE B R AR S, SR D77 5
T81 #iEN 6.0 A, T81 5 D103, G103, V103
FEES M50 11.4 AL 13.0 A, 14.0 A; 5K D77
5 H81 BB M 6.5 A, H81 5 D103, G103, V103
FRES /M50 102 AL 103 A, 129 A, T81., H8I1
5 D103, G103, V103 IS XURY) polyPs
Fl ADP (il iE A MR, i, #%E#: K8IT.

K81H. K103D . K103G il K103V fF /54 sE

A1
ARSZHG

2 ChPPK S5R¥IXHEN = HLMURRERTFREEAN L REER Z EESHEN

Figure 2 The 3D structure of ChPPK docking with the substrates and the changes of the distance between the
amino acids at the channel entrance before and after mutation. A: The structure of ChPPK enzyme. B:
Interaction of the substrates ADP and polyP¢ with residues. C: The distance of the channel entrance before the
mutation. D: The distance of the enlarged channel entrance after the mutation.
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E R RT K IE N E LR

53K K81 1 K103 P58 FE 07 s A 77
A%, it NiT-NTA HERZMraifk, 2274500
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AR LU o ANE] 4A TR, RASEEHIIIR R
HXT 50 mmol/L /N ImBERREN polyPs B = 1Y LT
i, 9(98.3+2.8) U/mg, HUEZ RN, H
(74.3+2.1) U/mg, MiZRAEREXTIEY) polyP; L
TEPE R Y LFJETE MRS N0 (11.9+1.2) U/mg,
AP KT ChPPK B AICHITEE . oS48
7£ 50, 100, 150 F1 200 mmol/L HIBERRER ST,
M52 1394 e, 78 100, 150 1 200 mmol/L
(i) polyPs 255, ChPPK Y LI 43 5148 i 2=
(8.2£2.1) U/mg. (6.3%£1.5) U/mg. (5.1+£2.6) U/mg;
5 50 mmol/L polyPs A Hz, 200 mmol/L polyPs T
LIS AL W AR G AR T 36.3%, H(63.9+
2.9) U/mg; 200 mmol/L A polyP, &4, 1M
Bon HAEAE I, FUEETE O (35.842.5) U/mg. [A]
B, ME T RA8HE ChPPKysinxiosy FEA A B

EREFMNES MD R

SR 60 o 5 0 o0 5 9 O
$@@©Q@Q©QPQQQ:L}Q§\Q@Q*,\Q
SO S
L

3 B4R WT FIREES K81H. K103V, K81H-K103V A&k LUK #8 X BE & A9 E

Figure 3 Purification of the wild-type and mutant enzymes K81H, K103V, K81H-K103V and determination
of relative enzyme activity. A: SDS-PAGE analysis of the mutant enzymes. M: Marker; 1: WT; 2: K81H; 3:
K103V; 4: K81H-K103V. B: Relative enzyme activity of the mutants.
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Figure 4 A: Effect of polyPs, polyPs and polyP, concentration on enzyme activity of ChPPKggiy.x103v. B: The
optimum temperature of ChPPKyg.k103v. C: The optimum pH of ChPPKygy.k103v-

5 pH T MERG AR, Kl 4B PR, 28748
fiti ChPPKkson-xiosv MIRIGE IR E By 35 °C, SHiA:
RIAHIE ; FEVRLEE 35-60 °CYLREIN, ZRARHEAYAHT
MG Y9 TR s, 60 °CIH,  AH X il % 12 v 3]
35.8%. WKl 4C fin, RASHEMEGE pH 5594
ARUMIE], Y954 8.0, 7€ pH 8.0-9.5 I, FHXF S =
FHFAERL, pH 9.5 B, AHXSTHRE SRR N 35.7%.
BEAT UL, 2875 ChPPKks k103 X YIBERRER 1)
FIFERY K, XTBEERER AT 7 18 m, [FIAT,
TR T AP E R B E YA T, H81 5 V103
FIR TR A ROBIR S T ChPPK BEAGAE LTS
WA, 25 T RAZEXTIEY) polyPs
F1 ADP 19 Ko F1 Koo/ K (RSN, 1% 3 P, BPAE
B WT XFJi4 ADP Y Ko {E24(1.39+£0.07) mmol/L,
K81H. K103V Fil K§1H-K103V X}Ed) ADP )
Ko B3 11247(0.90+0.03) mmol/L . (0.89+0.12) mmol/L
#1(0.63+0.03) mmol/L, ¥iHH K81H F1 K103V Ay
KA T ChPPK BXTIKH ADP HIZEFIT];
K81H Fll K103V XY ADP Y Kea/ K [E 431 HE
P AR AR 2.0 f5 A 3.1 A, LA R K8 TH-K 103V
XTIEY) ADP [ Koo Kin B ELIEF A BT 4.4 £, 156
M1 K103V F1 K81H Ay 54842 I ChPPK it
a3, AR A K81H-K103V %} ChPPK [
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K81H-K103V % polyPe F) K, E AT &2, 1508
K81H 5 K8I1H-K103V I T XF polyPs A5 H
J15 SEHERIAALL, K103V B KK [EHE DA
K, T K81H 1 K81H-K103V (1) Kea/ K 185351
BEINT 1.4 f5F 1.5 £, UESE T AURASKR K81H-
K103V (LTS J746 % . Fl RMSD F1 RMSF 4347
TIZFEEAMERINE, WE 5A Frs, RMSD
SEIL R AE R WT, K81H 287284 | K103V 5878
A 55 A K8IH-K103V RS shtars, 4
THBAE TR & SB Fis, K81H Fl
K103V [ RMSF {1 THf A R RMSF {8, W5
A& K81H-K 103V ) RMSF {380, 2145
FIEVESR R, H81 1 V103 FRILAYIE sh R B 5 R
FIE O R, AR SE TR S s
OZ M AEEAER, KS81H Fl K103V [ZE25 K
TR polyPs 1l ADP (i@ IE %, i 58 Z 0yl
DLHEAGE PG, 3R E YGRS 58T RBURY)
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*3 REBINFESH

Table 3 Kinetics parameters of the mutant enzymes

Substrates Mutants K (mmol/L) Keat/ Ky (L/(s-mol))
ADP WT 1.39£0.07 7.22x10°
ADP K81H 0.90+0.03 14.82x10°
ADP K103V 0.89+0.12 22.30x10°
ADP K81H-K103V 0.63+0.03 31.70x10°
polyP, WT 2.30+0.02 15.30x10°
polyPg K81H 2.00+0.01 21.21x10°
polyPg K103V 2.24+0.01 17.00%10°
polyP¢ K81H-K103V 1.96+0.03 23.32x10°

A B

2

z

Time (ns)

5 3ZITCEEAY RMSD (A)%1 RMSF (B)5 #f

0 50 100 150 200 250
Number of amino acids

Figure 5 MD simulation analysis of the mutant enzyme. A: Comparison of RMSD between the wild type and
mutants. B: Comparison of RMSF between the wild type and mutants. Red arrow: The changes of RMSF at
residue 81; Black arrow: The changes of RMSF at residue 103.

2.5 GshABESHIEPE, FTIASEEFMRINE

¥ £ ok R G P BE Bk B (Sreptococcus
agalactiae)l) GshAB 7E KT (E. coli) BL21
HsEE R, 4lifb)5IE GshAB HIBHG . W3k
4 fltsn, GshAB B LU A(7.6+1.7) U/mg. [A]
I SE T GshAB BEFE A RITEE AIASIE] pH T 1
BRGSOl WKL 6A FiR, T EETE 25-40 °CHH
N, GshAB [ A T il 16 28 8 7, T AE
40-60 °CYLHEIY, GshAB FtHH X s 2 WAL
R BT IR N 40 °C, 7E 35 °CHI 45 °C4 A4
TAHRTEIE 43 50K 93.2%F1 95%, i B T 5
60 °CIt, GshAB [RAH Xl IE A 37%. WKl 6B
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fii7R , GshAB HIAHXT I G BES pH FHmde B S
Bk, fid pH N 8.0, 156 W% M 1] TR PEBR
o WS, WE TR0 AR E R pH FR
PE. WE 6C F1 6D i, AFRE S5 AR pH
T A R TR it 2 O T I (R T T W, SRk i
40 °CI}, 24 h ISPARX B {8 39%, 45 °CHfAH
X TG T R 33.9%, IM7E 35 °CHY, 24 h (4
X G SRORER 64.5%, [HIL, BEEE 40 °C
TR ENEZ, 35 °CT GshAB i i #uka e P
s MifE pH 8.0 T, 24 h BHAH X S A 7
FRIE 75%254, pH 7.5 B 24 h BYAERTEGEE K
50%, pH 8.5 B} 24 h AT B K 57.8%.
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#* 4 GshAB ESROERSE
Table 4 The enzyme activity of GshAB

Enzyme Enzyme activity (U/mL) Protein concentration (mg/mL) Specific enzyme activity (U/mg)
Purified GshAB 7.60+1.30 1.42+0.75 5.35+1.70
GshAB in the lysate 6.55+1.43 11.1£1.10 0.59+1.30

|l 0 L 1 i 1 L 1 L 1 1 J O L 1 i A i J

20 25 30 35 40 45 50 55 60 65 6.0 7.0 8.0 9.0 10.0
Temperature (°C) pH
e [_' -
&= I ] 30 [ 1 1 1

0 2 4 6 8 10121416 18 20 22 24
Time (h)

0 2 4 6 8 101214 16 18 20 22 24
Time (h)

6 GshAB MI&REIRE(A). &I& pH (B). REREM(C)M pH F2EMD)
Figure 6 Enzymatic properties of GshAB. A: The optimum temperature of GshAB. B: The optimum pH of
GshAB. C: The temperature stability of GshAB. D: The pH stability of GshAB.

2.6 FiMfEE~SBERK
X528 fiff ChPPKksinkiosy 5 GshAB [

PRI E &I, ChPPKysinkiosy 5 GshAB [k
i pH ¥k 8.0, ChPPKysin-kiosy Heish i BE K
35 °C, MifEho&EiRE 40 °CF GshAB iy #fa
EZE, FrLAERE 35 °CYESH GshAB [l 1) S ik
FEo WK 7A P, BT 2 B SO IR
FOR pH 85 —3, PRI FF# (E. coli) BL21
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YER1E £, HEHEE GshAB 5 ChPPK. GshAB
Y5 ChPPKksinkiosv, HERAFHE R EC02. ECO03,
ECO1 FRAIE XTI, LLICAR MR i e X fE ik
AMEH AR AE ™ . IR UER S ChPPKksimki0sv
X ATP FEAERE I BIGERCR , BRI fe A b
PILA, ¥ GshAB INEERE S ChPPKksiikiosy
TRERAE =27 B HRKYE A ATP P42 &5 A B 7 (14
7B). 4r#Pks ECO01, EC02., ECO03 S EAE
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pET-28a

E. coli BL21

E. coli BL21

E. coli BL21

Cell-free catalysis

B ‘ ChPPKKSI-KIOJV

> polyP, polyP,,

2 ADP 2 ATP
J

. Glutamate
Glutathione —— |y cine
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©GshAB @® ChPPK ® ChPPK 5, k1w~ ATP -10.0 . : : . - . . e
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7 (B ATP BE AR HMENXE A H K/ REE(A-B). SDS-PAGE 7 #1(C)LA K & R HI= &

HEIEE (D)

Figure 7 Cell-free catalytic production of glutathione with the ATP regeneration system. A: Schematic
diagram of cell-free catalysis. B: Construction of the ATP regeneration platform. C: SDS-PAGE analysis of the
lysates. M: Protein marker; 1: BL21/pET-28a; 2: BL21/pET-28a-GshAB; 3: BL21/pET-28a-GshAB-ChPPK; 4:
BL21/pET-28a-GshAB-ChPPKg1.k103v. D: Chromatogram of glutathione.

T AL, RAS (4 AR R TE e I v B 0E A T JC A
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2.7 FTimBRELE IRV
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Figure 8 Production of glutathione by the cell-free catalytic systems and optimization of the systems. A: The
ECO01, EC02, and ECO3 systems catalyzed the production of glutathione. B: Optimization of the buffer for
cell-free catalytic systems. C: Optimization of bacterial mass in lysate. D: Optimization of the feeding time for

cell-free catalytic systems.
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SE AT, AWRASHE ChPPKksinxiov HIAH
XTREG I 2 326.7%. TERBARLTRIMEDY)
BARGT, BT PRINEEREN) ATP sl
G fdi F ATP Ab, RBUAS | & T . =7 i ATP

&: 010-64807509

A RGAUE A RE DA 2 — o R,
% ATP Pt R Gtis B H ke A=, 3l
A, IR ATP W] 3
A= RGO, G IO AR P A 7 e A e 4
JI60 S 5 R 52 2% %) 30 B A M 2 ), PR A (A M
FAA B H KA A= F=3d i . ECO1 TCAN ik ik
o, IR R R ATP, 467 4:(30.7+1.9) mmol/L
P4 e K, T7E ECO3 (G fufiEfb ik 2
iz H ChPPKysinxi03v BEFFA ATP fURE S, 5%
ATP AR HELEAILZS ) 7N 5 mmol/L ATP, i
6 h AT LLAE 72(25.4+1.9) mmol/L B BETH ik,
A EE A R ECO2 ToAnfufifb ik &, A et
KPR T 41.9% X ICANMAEALIR 2R 1 2% v
W, SRR FMR LS, ECO1 G
0 fE AL AR 2R ] 77 A (47.941.3) mmol/L A B H
Jik, EC03 Jodi iR Z n] 7 (45.2+1.8) mmol/L
BBEH R, Y -2 b2 R i i AL R 8 3
90.4% . TEAMFFEH , R ZE AL ChPPKksimk103v
FIMELIR R, AN 5 mmol/L ATP, RIR[4R
PR ATP FAERCE, BSIRIEAET Cao 2
FIF GshAB 5 PPK 4lififi{A 2 4= F= 4 e H ki
ADP S INE (A INE R 20 mmol/L); 7E EC03 1y
AR T, BZRY) L-E R 1
Rk 90.4%, T Zhang P 4ifb iy
GshAB i 55 PPK M4 LIR 515319 81.4%%4 1k
X Mk, #% ChPPK 4= ATP fRETT, T
ARG I L AL %, ChPPK kgimkiosv HI A
PR RSB T B A0 AR 7 A B T R s 7™ o
L3RR L EI 58— FEARAFZ R R PPK
GART )G, A AL RN FP I ChPPK ks imki03v
ATDLR R ATP FAE RCR R REat:, Xt
AR R LA S 7T 38 S A B R TR e AL
R, VAT RE RN A
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