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# E. [¥%] 22 245(Ganoderma lucidum polysaccharide, GLP)Z —#t B4 % #¥ 4 4iE Mo K 5
THR, CHARFBILBRAERNRAFLRERZ ZHE 2RI — 2R G, R TRZE45E
BARE RIEZIFR TN, HF XEBIFEBTERLE, BAFXZSHE T RBERIBF
A, [B 6] BEFREAZXRXEHERZF TRV 6HRRF 242 L 125 (Phosphoglucomutase,
PGM). UDP-#] %) 4% £ 5% B2 1t B (UDP-glucose pyrophosphorylase, UGPG) #= 5 B4 H % 4% 5 A B4
(Phosphomannose isomerase, PMI), Fto 53R XA tb R HBEF R, RANT BRZ S8 0B HR A g
B KRBT &, AR Z S HEE R B Rk 0 3 2R R RARRAE . [ 1 AR Z E# CGMCC
5.26 47 cDNA A4, #4473 %4284 R gl-pgm. gl-ugpg #= gl-pmi, %% E. coli BL21(DE3) ¥ %
FRIE, Fihidid Co-NTA #H5shib /s #ATE F A5, [4R] 4e1LBs GLpgm. GLugpg #»
GLpmi 34 E. coli ¥ FIKF kA, GLpgm ¢ iER M pH # 8.5, GLugpg #= GLpmi #) & & pH
Fl % 7.5; GLpgm. GLugpg #= GLpmi #&i& R M % ZARA A 35. 40 4= 30 °C; 1 mmol/L 4 Ag'#=
Cu*'st 3 FhBa 34 BLAT 5% 2047 446 B, Mn?'. Mg®*+ GLpgm #= GLpmi ¥4 #E4ER, & Mn?'xt
GLpgm & #L5% 4 A & ik 2.7 4. GLpgm. GLugpg = GLpMI 49 Kea/Km 122 %] % 196.08. 818.60 F=
1105.22 mmol/(L-s). (4536 ERER L pH. BEAALE S TR 7 &, GLpgm. GLugpg #= GLpmi
5 Hi B A kR4 3APEEE A AN, AR AR AT R R GIBE S, AR TRESHES
RIEZGRIERET ERE01E L.

KGRI FHERE BAE LA, UDP-# 4B AABUILHE, S BRI, SR, BT
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Heter ologous expression and char acterization of the key enzymes
involved in sugar donor synthesis of polysaccharidein Ganoderma
lucidum
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Abstract: [Background] Ganoderma lucidum polysaccharide (GLP), as a macromolecular substance with
various biological activities, has attracted a lot of attention in recent years. Some researchers have improved
the yield of GLP through optimization of fermentation regulation or strain improvement for G. lucidum.
However, it is afact that the biosynthesis pathway of GLP is still unclear completely, and the understanding
about characteristics of key enzymes involved in GLP synthesis are insufficient. Thus, there is a bottleneck
on substantially improving the yield of GLP. [Objective] Through heterologous expression of the genes of
phosphoglucomutase (PGM), UDP-glucose pyrophosphorylase (UGPG), and phosphomannose isomerase
(PM1) cloned from G. lucidum in E. coli, decent amounts of the purified enzymes were obtained. We
characterized their enzymatic properties and compared them with other sources, to provide insights into the
characterigtic information of them, and build an efficient strategy for the synthetic of GLP on fermentation.
[Methods] Genes of gl-pgm, gl-ugpg and gl-pmi were cloned from G. lucidum strain CGMCC 5.26 and
expressed in E. cali, the recombinases were purified with Co-NTA resin respectively. Then, the enzymatic
properties of the purified enzymes were studied. [Results] GLpgm, GLugpg and GLpmi, were successfully
expressed in E. coli. The optimum reaction pH of GLpgm was 8.5, and it was 7.5 for GLugpg and GLpmi.
The optimum reaction temperature of GLpgm, GLugpg and GLpmi were 35, 40 and 30 °C, respectively. For
them, 1 mmol/L of Ag" and Cu?* had strong inhibitory effects, while Mn®* and Mg®* had activation effects on
GLpgm and GLpmi, especially the use of Mn?* could increase the GLpgm activity by 2.7 times. The kea/Km
values of GLpgm, GLugpg and GLpmi were 196.08, 818.60 and 1 105.22 mmol/(L-s), respectively.
[Conclusion] GLpgm, GLugpg and GLpmi were similar to the sources of plant and other fungi in terms of
optimum pH, temperature and metal ions action, while the catalytic efficiency was relatively higher than
them. Their properties could provide more informantion for the regulation of GLP based on it's pathway.

Keywords: Phosphoglucosemutase, UDP-glucose pyrophosphorylase, Phosphomannose isomerase,
Heterol ogous expression, Enzymatic characterization
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A i GDP-HEEMES SHERE %R .
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Wik KEGG VERAN BLAST 1B MR B H B
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R B, AR TREFBXT PGM ., UGPG fil PMI
AT FIRFRE IR o U R RN =2k
it PRt 1 SR ARSY, o3 R 2 NI A G Al
AR R AR B, AU T R 2 e
SEZS 1, WA KIRIE R 2 206 R R BS
()] B A R AR

1 Me5hE
1.1 #

111 E#. BRRFN5|49
KIGFFE BL2L(DE3), KIAHFH IM109 FIkH

Glucose

AT 1 - R
Glucose-1-phosphate

R -6- TR
Glucose-6-phosphate

PGM UGPG

FFRR TR pET-28a(+) F T ] S AL Tl i E el A
S HU(CICIM) R, S0 K AR TR L2 1.
W5 T AR5 1 P8 3 2, 519kt
f#i i Clone manager 8.0 {4 514 4 ME% A= k)
BA R A @GR & i
112 EBHE. TELFIFNE
LB RiFst(g/L): BEEHEHUY 5.0, Bk
10.0, S fk4H 10.0, B AR FRIE S InBilgkr 20.0 g/L .
UL RIS IR 100 mg/L i K HEE
8% 30 mg/L K RAREE.

UDP-#i%iH
UDP-glucose

¥

PMI
TRE-6-BE <

Fructose-6-phosphate Mannose-6-phosphate

B1 REZERRERESHRE

1
o H ERA-6-BR - - > GDP-H 2

FEAUNDP- 585 BOLRRRG | 5y opy
Others NDP-sugar Glycosyltransferase ~ GLP
*

GDP-mannose

Figurel Thebiosynthetic pathway of sugar donorsabout polysaccharidesin Ganoderma lucidum
¥: PGM: BERRHGANEENIEG; UGPG: UDP-HiZIMARERRILEG; PMI: BEIR H 2Rbk Rt
Note: PGM: Phosphoglucomutase; UGPG: UDP-glucose pyrophosphorylase; PMI: Phosphomannose isomerase.
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Tablel Strainsand plasmidsgenerated and used in thisstudy

BEIRATORL i SR
Strains and plasmids Characteristics Sources
Strains
DCQC-pgm E. coli BL21(DE3), Apgm This study
DCQC-ugpg E. coli BL21(DE3), Augpg This study
DCQC-pmi E. coli BL21(DE3), Apmi This study
GLpgm-DCQC DCQC-pgm harboring GL pgm-pET-28a(+) This study
GLugpg-DCQC DCQC-ugpg harboring GLugpg-pET-28a(+) This study
GLpmi-DCQC DCQC-pmi harboring GL pmi-pET-28a(+) This study
Plasmids
pKD46 Amp®, & Red recombinase expression plasmid, ara-inducible expression, Laboratory stock
temperature sensitive replication
pKD13 Kan®, Amp®, oriR plasmid containing an Frt-Kan-Frt cassette L aboratory stock
pCP20 Amp®, Cam®, repA (Ts), pSC101 based vector expressing the yeast Flp L aboratory stock
recombinase, temperature sensitive replication
GL pgm-pET-28a(+) pET-28a(+) carrying pgm of GL This study
GLugpg-pET-28a(+) pET-28a(+) carrying ugpg of GL This study
GLpmi-pET-28a(+) pET-28a(+) carrying pmi of GL This study

I#: GL: RZ CGMCC5.26 #tk; Kan: RIREEZ; Amp:

[ R

ZNH

HZ%,; Cam: EEZR; R: itk

Note: GL: G. lucidum strain CGMCC 5.26; Kan: Kanamycin; Amp: Ampicillin; Cam: Chloramphenicol; R: Resistance.
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Table2 List of primersused in thisstudy

5124 591751 Kz
Primers Primers sequence (5'—3') Size (bp)
QCpgm-F ATGGCAATCCACAATCGTGCAGGCCAACCTGCACAACAGAGTGATTTGATTAACGTC 79
GCCATCCGTCGACCTGCAGTTC
QCpgm-R TCAGAACTTCGCTAACAATCTCAACCGCTTCTTTCTCAATCTGCTTGCGATGTTCTTCA 78
GTAGGCTGGAGCTGCTTCG
QCpmi-F AAGCAGTTCACGAGTGCAGAATGCCGCCGGAGACATCGTTTCACTGCGTGATGTGAT 79
TGGATCCGTCGACCTGCAGTTC
QCpmi-R TTACAGCTTGTTGTAAACACGCGCTAAACGGCCGTGGCCTTTGACAGTCACCGGTGAT 79
TCGTAGGCTGGAGCTGCTTCG
QCugpg-F GCCGTTATCCCCGTTGCGGGATTAGGAACCAGGATGTTGCCGGCGACGAAAGCCATA 75
TCCGTCGACCTGCAGTTC
QCugpg-R TTACTTCTTAATGCCCATCTCTTCTTCAAGCCAGGCTTTAAATTCCGTGCCAAGGTAG 73
GCTGGAGCTGCTTCG
V pgm-up CTATCGTCGAAGCGAAACC 19
Vpgm-down GTAGCGCATCAGGCAATTC 19
Vpmi-up GCGCCAATAGAGTTAACGC 19
Vpmi-down TACGCCTAGCGCAACAATG 19
Vugpg-up CTGCTAATGTCGGCTGGTG 19
Vugpg-down GATCGCTGACGGTATTGAC 19
K1 AGGCTATTCGGCTATGACTG!® 20
K2 GGACAGGTCGGTCTTGACAAM 20
Kt CGGCCACAGTCGATGAATCCHY 20
pK D46-F TTTGAGTTGTGGGTATCTGT 20
pKD46-R CTTGTATTATGGGTAGTTTCCH! 21
GLpgm-F GGAATTCCATATGTCGTACCAGGTCAAGGAG (Nde 1) 31
GLpgm-R CGGAATTCCTACGTGATGACGGTCGGC (EcoR I ) 27
GLpmi-F GGAATTCCATATGACGGCTGTCTTCAAGATC (Nde ) 31
GLpmi-R CGGAATTCTCATTTCACCTCGACAAATGC (EcoR 1) 29
GLugpg-F GGAATTCCATATGCCCTCCGACTCCCTCATG (Nde 1) 31
GLugpg-R CGGAATTCTTACAACTCAATGAGGTTC (EcoR 1 ) 27

TE: QCgene T RIBRIEHF M54, FRILFRFEIE TS, Voene FITRIEASI14; GLgene HTFY B HM A B, FRILFREGY

B FEH.

Note: Primers of “QCgene’ are used for gene knockout, the underlined represents homologous arm sequences; Primers of “Vgene” are used
for verifying inactivation of target genes; Primers of “GLgene” are used for amplification of the gene of interest, the underlined indicates

restriction sites.

2xTaq PCR Master Mix, #5384 Wkl Hif
PR BRI YIRS EcoR T . Ndel &% T4 DNA
E4ERE, Thermo Fisher Scientific A wl; FHAE X .
ANERRT L-FIRAE, DL I AH DG
#, Sigma’An]; PCRHI4ifbifil &, Foki/hg
PG G A MSOAGR E, BR T AE RN (RIT)
FHIR/ ] 2xPhanta Max Master Mix, B 5t iz mE e
HEYIRHEEBRA R IPTG, A TAEY) TRE( ) K
A BRA

Ml A . WAL, Eppendorf 2AF]; Hbr
1%, TECAN A,

12 A%
121 Red BHRIFREHLRMRER

Datsenko 251t Red Wi [RlH T4 255,
Bl Bk pKD46., pKD13 1 pCP20 #4T KA
FHOCHEDR AR, e AAEmBR I B R R A & R
100 bp Z= A7 9 B

4 NCBI $#2£41L1Y E. coli BL21(DE3)JE: K415
B, ®witalbr & R BglY QCpgm-F/IQCpgm-R .
QCugpg-F/QCugpg-R. QCpmi-F/QCpmi-R, A pKD13
ok AR, 4 2xTaq BEY 3875 2 KT
pgm. ugpg. pmi —NIERAERR A R B, PR
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Yy 2 B e WEE S F K I Ui gl Ak, B A B A
pK D46 JFT ki E. coli BL2L(DE3)H, HkHU: fk v
1T PCR H:E. HuE5[4 Vpgm-up/Vpgm-down
Vugpg-up/Vugpg-down . Vpmi-up/Vpmi-down 1%
T E HE pgm., ugpg. pmi 1 F R E X,
Rl FIH K/down, K2/up #4758 LEFRY, BiiF
WG, F15 14 V-up/V-down 75 H 457, 2540k
B AR BRA F @R TP EIE. pKD46-F/
pKD46-R TRk Fik: pKD46 fi S AR ZE LM,
122 EEZTESFIISH

X G. lucidum CGMCC 5.26 £ ) cDNA i

e, FH5 14 GLpgm-F/GLpgm-R.. GLugpg-F/GLugpg-R.
GLpmi-F/GLpmi-R 43 5 ¥ 35 H 89 & A gl-pgm
(GenBank #5¢5fy GL24280). gl-ugpg (GenBank
HREN GL25739). gl-pmi (GenBank & 5N
GL22193)f#J741 . PCR J )i 5% 14: 95 °C 3 min; 95 °C
15s, 55°C15s, 72°C1min, 30 M§#r; 72°C
10 min, 16 °C {#ifi. PCR JZ W4 % (100 uL): A&tk
(100 ng/pL) 1 L, k. FiE5I497(10 pmol/L)4%
2 uL, 2xPhanta Max Master Mix 50 uL, ddH,O
45 pL . B3 i Bewimin dATP J5 i [l ek igalifk
Y. SifkT S pMD18-T #ikiE k% E.
coli IM109. #kH Ay FHYER AL ¥, 248 EcoR 1 | Nde |
BTG UEIEAf 5, K AF N A B 2H R 43 il i 44 0
pMD18-GLpgm.pMD18-GL pmi 1 pMD18-GL ugpg,
HE S MER AR PR R ORI . K 34
it DR F 0 45 SR i ] Expasy HH ) ProtParam Tl
it P 2 P 53 M S S
123 EHEFHIKMWE

By TCIRE 34 H 3L R Bl 5 ik 4%
& pET-28a(+) I H B 44K : GLpgm-pET-28a(+) .
GLugpg-pET-28a(+)F1 GLpmi-pET-28a(+), H-/7 51|54
fLZ A E. coli BL21(DE3) 4k B #8725 201 it
o, B PR M T R 2 44 GLpgm-QCDC
GLugpg-QCDC. GLpmi-QCDC. [Fli¥+ pET-28a(+)
BETR A 3 ER E RS SR, EAE
Ay Alfn 4l 28a-DCQCpgm. 28a-DCQCugpg #
28a-DCQCpmi .

124 MEESFTESHBHEL

PR E 4 bk GLpgm-QCDC. GLugpg-QCDC
il GLpmi-QCDC £ %A 30 mg/L RAFE KW
WK LB K3 HEd, LIEPE 28aDCQCpgm .
28a-DCQCugpg. 28a-DCQCpmi A X} &, 37 °C.
220 r/min B5 53 005 A 1% 2R 3 b 25 e 0
By LB B5323eH, 7E ODego ik %) 0.6-0.8 B, il
AEFH PTG i 29k 4 0.5 mmol/L, 25°C,
150 r/min 53% 10 h, 12 000 r/min %5.0 5 min WAERF
A, i IxPBS AR PEYR 3 AR A&, M THIA
Wy, WERESIE:. 300 W, A 1s, AR 2 s,
PEHR 300 YK, WEHEIRAE 4 °C. 12 000 r/min &5.0»
20 min, WCAEAY b T TR B AR

B LB R ] Co-NTA 1SR MZMrkE v f 74l
k. 45658 M - 1xPBS, 0.5 mol/L NaCl, 20 mmol/L
KMk , pH 7.4, PEMLZE vhik . 1xPBS, 0.5 mol/L NaCl,
300 mmol/L Wk, pH 7.4, WAER , #IH SDS-PAGE
R & 12l K Ay iR/ B 2L 1Y 1xPBS ZZnf
WARELENT 3 UG AT LlAL 5 A
125 EEFAEN. EEMNEFBEIKDSH

TGN AE 76 30 °C T, KBRS I 22 140 22 (220 L)
T 10 min J& , LA 30 pL FOBER T 46 S0 , 340 nm
W SN A R R e ek 2> 1 opmol 1
NAD(P)H s 2L it e SR 1 ANBFHE AL U,

PGM i i I & & 224 . 50 mmol/L = Z F ik 2%
M (pH 7.2), 5 mmol/L MgCl,, 50 pmol/L 7%
B4-1,6- W2, 0.4mmol/L NADP', 4 U %i%jkk-6-i
PR U, 1.4 mmol/L o~ H-1-#5R . UGPG i
T 52 4 2212 50 mmol /L Tris-HCI 28 #hifi (pH 7.8),
16 mmol/L MgCl,, 0.4 mmol/L UDP-#ij %] ¥ ,
0.4 mmol/L NADP", 4 U %jt-6- i i Ui ,
2.1 U o-BEFR A A HEAE A7 1, 4 mmol/L 5. PMI
i i 2 1k 219, 50 mmol/L MOPS £ i3k (pH
7.0), 1mmol/L CoCl,, 10 mmol/L H #EHi-6-Hihz,
1 mmol/L NADP", 4 U #i%jh-6-uiia i =i, 4 U
TR ) 2 W S AL

SO W E R A Bradford #: M
SDS-PAGE Hi7k%: 18 Schagger 2511 71219,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3238 A 2 A

Microbiol. China

1.2.6 “H{LESRIBEEMERAIR

(1) i pH A EPERIFSE . £E 30 °C
T, A3 EARE pH (5.0-10.5) 44 F A 4lifL B G
J1, DG )1k 100%3H A S S, i
eiE O pHe 7E 30 °C T, K B TR pH 2%
ORI 2 h, FEfRE pH T E AiAkEES ), L
HIEG J120 100%3 S ARXS B T, Ecalifb i
() pH et (2) d5cid SO i e HAs e Mt
9% fEfcid pH T, 40500 AN AR EE (20-70 °C)
AR EEE T, DR SRS 1A 10093 A AH X
677, WhE s R . EfE pH T, FEHE
BRI 2 h, HEAE s RO S T
TELALERG T, DAAIEGTE 718 100%1 3540 X il
671, BEALEEIRERE M. (3) &8 X
LAV BEAY SZ S BN AR FR R A3 I A 2Rk i
1 mmol/L 4&J@&F(Na". K*. ca®*. Co*. Fe*'.
Zn2+\ A|3+\ Ni2+\ Fe3+\ Cu2+\ an"\ Mgz+\ Cd2+\
AgY), IiE RV A NI A b EgE 7y, DARAREE
50T TS 7128 10093 S AR B 17, %84

100

Ja& B X AL B S B E N . (4) BBl i
FECIIE : BCHIAS R BE 0 SOV IR, e fid [
o F5 A4 I e A AL BEG ), EEA 3k, ARSI
BRAT Vi F1 K (0%
2 ZRG54h
21 PEFREREREABEREIEE

Ry T A L b K R TR AE T TR AR N A DG T 1Y)
it 15 %o AR T ARSI A AR R, A T 3 RRAH
K HE PR B2 ) T Bk DCQC-pgm. DCQC-ugpg #il
DCQC-pmi, Jf H i B i ik 52 1 #E bR SE A
KRS IR TR R AE KR E A I 25 57

PL pKD13 Sk A, &G I M Mo 2w
W& F Bt pgm. ugpg I pmi f4lifk 8, K/NHZ
1 400 bp (Kl 2). #mibRa i Bear i E. coli
BL21(DE3)(pKD46) [ &z A4, b+ 57
Fl 28 Vpgm-up/Vpgm-down . Vugpg-up/Vugpg-down
1 Vpmi-up/V pmi-down &% PCR %k, 435153
1900, 1952 Fl 1912 bp 44 (K 2). TfilL E. coli

8

E 2 E.coli BL21(DE3)® pgm (A). ugpg (B). pmi (C)BIEEFIF: PCR % 7E f ik EiE

Figure2 PCR identification of pgm (A). ugpg (B). pmi (C) gene knockout in E. coli BL21(DE3)

TE: M: BRRARESN ¥ Bihit; 1. QCgene-F/QCgene-R #3114/ W); 2: Frt-Kan-Frt i Br# & BIEAL A {5, Vgene-up/V gene-down 5
iilE; 3: E.coli BL2L(DE3) WX HE; 4, 5, 6: 4r5lH 514 KUdown, K2/up, KUKt B&iiF; 7: pKD46-F/pKD46-R Bk ; 8: 5 A pCP20

JaditE By, Vgene-up/Vgene-down HrilE.

Note: M: DNA Marker; 1: PCR product of primer “QCgene-F/QCgene-R”; 2: The fragment Frt-Kan-Frt is integrated into the target gene
locus, verification by primer “Vgene-up/V gene-down”; 3: E. coli BL21(DES3) is used for control; 4, 5, 6: Verification by primers “K1/down”,
“K2/up”, “KLUKt", respectively; 7: Verification by primer “ pKD46-F/pKD46-R”; 8: Resistance fragment is lost after introduction of pCP20,

verification by primer “Vgene-up/V gene-down”.
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BL21(DE3)(pKD46) Jy X} B, 4r5if55] 2128, 1441
11675 bp (1 7B (1# 2); [A]i ] K1/down, K2/up,
KUKt =215 9t 158 URHIE, HiA K1/down 43-51]
R 957, 1243, 1028 bp, K2/up 43-5ll1%
$] 1050, 811, 994 bp %R %571, KUKt #1755
581 bp B4 (K 2), %45 R Fri-Kan-Frt fi%k
&R BOERRE A B R A B . pK D46 JURLE K 5
Ffl pKD46-F/pKD46-R 5|#11/E47 7% PCR, Jii=#)
FH TR pKD46 Z 2k B (B 2). PR itk pCP20
ST Fri-Kan-Frt @ibra B wtkd, i+
2 Vpgm-up/Vpgm-down, Vugpg-up/Vugpg-down,
V pmi-up/V pmi-down 73| & 7% PCR Ji5 , 18I B
490, 640. 600 bp Y H B (& 2), 4553 BIH Y B Ak
L DR RS, 0 2 SRt IR S T R S A
B, BUREh st T SERE K B bk DCQC-pgm.,
DCQC-ugpg #l1 DCQC-pmi .
22 ERE=ESSH

LR Z () cDNA MRt PCR 4714, A%
gl-pgm. gl-ugpg 1 gl-pmi Bt XN 5297k 1701,
1515711 284 bp (& 3). £ ProtParam i, gl-pgm
Yl 566 LR, 4rF1Eh 61.4 kD, FHig pl K
6.21; gl-ugpg Zfi 504 2 HER , 43k 56.8 kD,

bp M 1

500

5369

B3 KE& gl-pom. dl-ugpg. gl-pmi BOIRAEHE AR Bk SR
Figure 3 Agarose gel electrophoresis of the cloned gl-pgm,
gl-ugpg and gl-pmi gene fragments

e M: ZRRARES TR 1 gl-pgm 7345 2: gl-ugpg
I 3 gl-pmi A

Note: M: DNA Marker; 1: PCR product of gl-pgm; 2: PCR product
of gl-ugpg; 3: PCR product of gl-pmi.

FEIE pl o 6.98; gl-pmi Zifit 427 N2SERR, ik
4y 46.1 kD, FHif pl 4 5.29,

23 EHRMAIEE

I TR i e By AN pMD18-GLpgm

pMD18-GLugpg. pMD18-GLpmi |- i) [l it 15 2|4l
R B, 4305 M Ak R AT TR A 2R 1k Ak 2R
PET-28a(+)i# 4z, PFAFEL IR EcoR T . Ndel
XI55 5 369 bp 4 pET-28a(+) 4% 14 H B FIAH )
KN B B (E 4).

B

bp M 2 3 4

g

2000

1 000

500

4 pET-28a(+) (A)FIELHEK(B)Z EcoR I . Nde I NEGY] EIRBEHEBRAR K S HT
Figure4 Adgarosegel electrophoresisof pET-28a(+) and recombinant plasmids were digested by EcoR I and Nde I
T M A RBREST TR 5 1: pET-28a(+) Tk ; 2: pET-28a(+)-GLpgm HE4Fiki ; 3: pET-28a(+)-GLugpg T4 JFikY ; 4: pET-28a(+)-GL pmi

H2H AL

Note: M: DNA Marker; 1: pET-28a(+); 2: Recombinant plasmids pET-28a(+)-GLpgm; 3: Recombinant plasmids pET-28a(+)-GLugpg; 4

Recombinant plasmids pET-28a(+)-GL pmi.
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DCQC-pmi AXTHE, M EA Wk GLpgm-DCQC.
GLpmi-DCQC #il GLugpg-DCQC £ IPTG #5544
Jo . BB R AR VE D H R RS O R AT
SDS-PAGE HLUK (%] 5). &I A H 92 5 8 20 4044
ML AR B TR AR B i R 44, Hy
FREI/NFHIE 5 Hik) A2, B4, C6, ST
BE AR/ NER, UL H ARG AR R AR
PRI B2 P TR AR Fh SRR

A
kD M 1 2
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70
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5 EHEKKIETY SDS-PAGE k&

25 EgRy4RiL

¥ 34 H MBI HLERR 25 Co-NTA 4lifk 53
1R R — I 4508 (%] 6), RIIRIGALmEE, T T
P I A o b AR REFE R IS 0 2 2%
£F, GLpgm. GLugpg. GLpmi HLHGE 435K 4.75.
6.26. 13.68 U/mg.
26 EEFEMBRSH
2.6.1 ERIERN pH A pH FEEM

Bialifk 5 GLpgm. GLugpg Fil GLpmi & T A
pH BRI ERG 71, 153 pH-IFE SR (8 7).

Figure5 SDS-PAGE analysisof proteins expressed in recombinant strains
TE: M: b Marker; 1. 3., 5: Bt itk DCQC-pgm., DCQC-ugpg . DCQC-pmi iUy L3 ; 2. 4. 6: TAIHHk GLpgm-DCQC,

GLugpg-DCQC. GLpmi-DCQC i 7.

Note: M: Standard protein marker; 1, 3, 5: The supernatant of the defecient strains DCQC-pgm, DCQC-ugpg and DCQC-pmi, respectively; 2,
4, 6: The supernatant of the recombinant strains GL pgm-DCQC, GLugpg-DCQC and GLpmi-DCQC, respectively.

A B C

kD M 1 2 M 3 4 M 5 6
170 — _—

130 — —

100 —
70 —
55

40
35
25

6 #i{LEERY SDS-PAGE HjkE

Figure6 SDS-PAGE analysisof purified enzymes

TH: M: bRUEEE Marker; 1. 3. 5: F4 #ikk GLpgm-DCQC.
GLugpg-DCQC .GLpmi-DCQC ¥ ;2.4.6: GLpgm.GLugpg ..
GLpmi 4EfLEGFR.

Note: M: Standard protein marker; 1, 3, 5: The crude mixtures
containing the GLpgm, GLugpg and GLpmi, respectively; 2, 4, 6:
The purified enzymes of GLpgm, GLugpg and GLpmi, respectively.

GLpgm fidiJ2 )i pH & 8.5, 24 10.0<pH<6.5
i, G RS B GLpgm B T AIE pH 22
WWHT 30 °C RIR 2 h, Z5RFEIZEE pH
6.5-8.0 [MIFE MEEAT, HREIREE 80%LA I ARG
J1; FEpH & T 9.0 AT, GLpgm HEAKTE.

GLugpg I#iE pH 2~ 7.5, 4 9.5<pH<6.0 i,
T S A4 . ¥ GLugpg B TASEZE rhis i
30 °C ik 2 h, Z5REHXEAE pH 7.0-8.0 [H]FE
PEEGT, REPRFFLA_L TO%II BRI 11 o

GLpmi f{fciE pH & 7.5, 4 10.0<pH<5.0 i},
g IR . ¥ GLpmi B TR [RIZE s
30 °C Rl 2 h, S5 REKHHLEAE pH 6.0-9.0 [AJFE
PERT, 2 h LUGAREDR- S 60%LL FAEES ) .
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100 F ——Tris-HCl buffey 90 -
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§ 70 g 60 F }
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o S0F Iy
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S 40t = E
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pH pH
E 10 -—e—Na,HPO,-Citric acid buffer Fo100p —ae GLpmi s
1001 —a—MOPS buffer 90 | /\
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s %0 3 80t A —
; 80 + = 70+
EN g eop *
g L Q
§ 50+ o S0r
2 Z 40t
g 40r =
S 30t & 30f
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O 1 1 1 1 1 1 1 1 1 1 ] | s N s 1 s N |
5.05.56.06.57.07.58.08.59.09.510.010.5 11.0 0 60 65 70 75 80 85 90 95

B 7 pHXEEENREREMFME

Figure7 Effectsof pH on activities and stabilities of purified enzymes
{£: AL B: pH-GLpgm Wi ). FasEtt; C. D: pH-GLugpg AifiE /). FasEtk: E. F: pH-GLpmi i Jy . faitt.
Note: A, B: pH-Enzyme of GLpgm activity and stability; C, D: pH-Enzyme of GLugpg activity and stability; E, F: pH-Enzyme of GLpmi

activity and stability.

262 ®WiERRMREFREEMN
BrafifbJ5 i GLpgm. GLugpg Fl GLpmi & T[]
TR FIERRG 71, 1SRRI BTG T2 R (F 8).
GL pgm Ay tReid S W I EE A 35 °C, W I
T 60 °C WG 1 KK R GLpgm & T AN [l
FERARIR 2 h )5, 78 20 °C IS 14445 90%LA |,

FEVE BT, HET 45 °CHY, B 1 R3] 20%
PIF.

GLugpg s e Wi A 40 °C, kE S T
60 °C i, MG S A2k ¥ GLugpg A [Hi
JEARIR 2 h, WREMRT 30 °C W5k 43 e T 14
80%-90%, Bl 30 °C DA FHuka & Phac s
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Figure8 Effectsof temperatureon activities and stabilities of purified enzymes
fdE: A, B: IRE-GLpgm BHE 1. FsEf:; C. D: EE-Glugpg MHE 1 FaErE; E. F: iEE-GLpmi BHE ). .
Note: A, B: Temperature-Enzyme of GLpgm activity and stability; C, D: Temperature-Enzyme of GLugpg activity and stability; E, F:

Temperature-Enzyme of GLpmi activity and stability.

GLpmi 5 [ iR 30 °C, Mk &+
55°C i, Mg SAEd . F GLpmi & F A
FERIE 2 h, IREELE 30 °C LU, FRAHEG 4%
90%LA I, HA RAFmiaErE.

263 EEBFMEEEHHZI
ME 14 Fh &)@ B F7E W B8 1 mmol/L T Xf

AT S e sz (K 9). X+ 3 Frafifb i,
Ag I CUP R BAT B i3 B R s Mn?* . Mg?*
X} GLpgm F1 GLpmi #HARMIEH, LHE
Mn®* %t GLpgm Y {2 38076 7 I e o . 53 oh, Ni®*
M Cd™ %t GLpgm F 30 i /F FH o 5ok 5 1 45 Fif
4B X GLugpg Y%A B & 0 B0E 7E H
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Figure9 Effectsof metal ionson the stability of purified enzymes

4 JB BT Na' #l Cal* %) GLpmi B I 1 4948 0% GLugpg PAFE# UDP-##j%5#(0.1-5.0 mmol /L) Fl GL pmi

fEH PURY) H 88 -6-M512(1-10 mmol/L), TERoE v 4%
264 MIRRRHHFSENE PF R IEEES 1, 53 3IR A Linewaeaver-Burk XUE%L
GLpgm LUY) o-#iZ0E-1-BR(0.1-5.0mmol/L) . 4 7/ERI (1% 10), HHEASRIRHE S 11255003 3.
A o012, B
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5 0010F 500024
= 0009} 2
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S voosk N 0.001 6
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400 4 |
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Figure10 Linewaeaver-Burk plot of purified enzymes

H: B A, B, C45I% GLpgm. GLugpg il GLpmi [ Linewaeaver-Burk AU .

Note: Figure A, B and C are the Linewaeaver-Burk polt of GLpgm, GLugpg and GL pmi, respectively.
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Table3 Kinetic parameters of enzymatic reaction

3 WiE&®

ity Vinax . KealKnm HAEj%F PGM ., UGPG #il PMI [l g iF
Enzymes (umol/(L -min)) (mmol/L) (mmol/(L-s)) e . e . s ; ..
T 553 053 196,08 nz%q:ﬁ,m@ma%m, EE:H%EIE H R RE G
GLugpg 1250.00 0.25 818.60 aEE D . W3R 4 HalHL AFERIER) PGM | UGPG
GLpmi 1 250.00 0.50 1105.22 1 PMI Hifgid v pH B F7E 7.0-8.0 N, &

x4 AREXIEPGM. UGPG K PMI B8 1% KR
Table4 Theenzymatic properties of PGM, UGPG and PM1 from different sources

odi pH - FodE i

it R ZEL//LIN , , P EIE bl Km Keat/ Kim
Enzymes Sources Organisms QiR Ol Activators Inhibitors (mmol/L) (mmol/(L-s))
pH temperature
PGM Bacteria E. coli®™” 9.0 0.05 54
P. mucilaginosus® 7.5 40 Mg*/zZn?* 0.24 475
S sanxanigenens® 7.6/8.0 35 0.2-1.0 10-52
F. oxysporum® 7.0 45 Ca**/Co® NI IMn* IMg?* 0.1 7.38
L. lactis®* 7.2 30 Cd*/zn* 0.0168
Fungi S cerevisiad®™ 75 30 Mg** Cu*/zZn?*  0.060/0.026/0.120
Plants S oleracea® 7.8-7.9
S tuberosum®” 7.5/7.9
Zeamays L.[& 8.0 35 Mg** Mn?* 0.02
PisumsativumL.* 7.9 35 Mg®/Mn** Mn?* 0.018
Animals O. cuniculus™® 75 Mg** Ag'/Cu* 0.063
Homo sapiens®  7.4-7.6 0.016-0.020
UGPG  Bacteria E. coli®*2 7.6-7.8 37 Co®'IMg? IMn?*
B. bifidum®! 6.5 37 Mg*
S paucimobilis®! 0.0075
A. xylinum® 3.22
Fungi S cerevisiad® 8.0 30 Co* /Mg* IMn** 0.035
G. lucidum® 75 0.774 273
Plants  G. chouad™” 75 40 Cu*/zn* 0.001 67 11 980
S japonical®” 8.0 37 ca®/cu®* 0.004 33 4610
S tuberosun?®**  8,0/8.5 30/37 0.18/0.12
S wulgard®® 9.0 37 Co*' /Mg*IMn** Co*/Mn* 0.05
Nostoc sp.[*! 75 37 3.04 2.09
Apocynaceae*? 7.2 37 Mg* 773.8 0.211
Animals Homo sapiend®® 7.8 37 Co*' IMg*IMn*ICa* 0.14/0.18
G. gallug*® 7.6 25 Co®'IMg* IMn®* 0.050-0.066
PMI Bacteria E. colil®*® 7.47.1 22/25 1.210/0.354
B. cepacial®” 7.6 32 Mg*/Ca*/Mn*ICo®* zn* 12.4
P. aeruginosa® 7.0 25 ca*t/co® 1.18
B. cereus*?! 7.0 35 Ni%/Ca?*/zn* ICu? IMg?*
S chungbukensé® 8 37 ca®t/co®
Fungi  C. albicans™ Ag'/Cd*/zn?* 0.2/0.8/1.0/4.0
S cerevisiad™ 71 25 cat*fzn* Co* 0.121
A. fumigatus™® 7.6 37
Plants A thaliana™ 75 25 Cd*/zn*  0.0413/0.3720
A. konjac™ 6.5-7.0 Co® 0.73
S japonical® 85 15
Animals P. magellanicus™ 7.6
Homo sapiens®® 0.23/0.25
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itk FEAE 3040 °C Z (8], WyFfiE] 25 R0 R i
AW AREATEI RN, 2 GLpgm YRk
N pH 2k 85, W FHAWSKIER PGM, TEFRIEIA
B R HAS BRI EEE, E—E R T4
Titg Py 1o AR 5 5 S

M H1 Mg X Z2 R 5 i PGM 1 PMI i 1)
A—EMEHER, AWF5EH GLpgm Fl GLpmi [
R 32 2 X P 48 B T S 5 Turnquist 2509
WF5E T 2Rk UGPG, kIS Mt 232 3
MnZ*F MgP R IEFE T, A ST &R B 11
Xt GLugpg FELHIIHIVER, I GLugpg *f 4 )&
BT IEAN R, T RE R R R A B 25
PSR . N 4 el EH, IR PMI
B 2352 51 Ni®*F1 Co™ BPEE, 1 2L AR A R I8
f¥) PMI iR 20152 5 NiZF Co™ i, [IREARY, As2
Kb R 2SR GLpmi B 152 25X P48 B
TR

AFEKIER PGM . UGPG il PMI ) Ko [EAETE
RS AWFFE GLpgm (1 K fE4 0.68 mmol/L,
FE TN . B A RSRIE PGM ;5 AN
R RE KA UGPG 1) Ky {54 0.774 mmol/L,
A ST H ) GLugpg 9 K 1A 0.25 mmol/L,
HAEACE BT W B A gk, (HH Ky (53855
HAEYSRIE = s R 4 AT EH, diFES PMI
1 K (B30 5T B AHYRSHPIRIER PMI,
A5 GLpmi /) Ky {4 0.50 mmol/L, 5 HH
C. albicans™ i A. konjac®? i) PMI #HIE .
bk, ABF5E R GLpgm. GLugpg Fil GLpmi 14 HA7 %
R, Hd GLpgm BRI T K £
AR PGM

A 5T N R 2 2 TR A R AR OGS il
PGM . UGPG il PMI Byl BTt e 45 R o, 78
N pH. R AR B ERD I, SR
FLRRIR I 3 PR AL, BAE bR R
TR AT R 2 2R AR A ki S
Tl F AR A T T 583, WA AT R T TE W 1%

REZZREEBGERE, It R ACk BT
g 1 ) AR PB4
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