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(] FWi-1,6 " HERREEE N A B S T A SC G , WAL BB - 1,6 —WEMR (FDP) ZM i M R — %N
Hid ( DAP ) F0 =2 H M RE (G3P) Ay AT 386 2 . A8 SCE U B Aty B 2 HAT 7 v ) SR BE - 1, 6 Wi IR e i g 1
(foa) A ERJFAZ B A FIBEM, FI A Ni-NTA FEX AN R 2EAAF I SR - 1,6 IR 4R G (FBA) 17 25 20
A FEGE2A P ST, M TR 4R pET28a (+) fba FEAL A BL21 (DE3) fis £, £ 30 °C F i T3k, @it SDS-
PAGE #:l FBA 23 Fll7» -4, FBA 23 T4 292 35 kDa. f3@ W &1 pH 7.5.35 °C , &)@+ K* Na* Fe™
X% B S R BOE AR, 1 Zn® Mn™  Ca™ Mg™ XHZEEA — & A6 7E . 3T FBA & —+¥E43it FDP 1Y
FEAR B FE ST T PG HERN U E B R BV D FDP &R R, 3@ AT R FDP & AR S DR
99.54% , AHXSARAEIR 2524 0.427% , W78 45 R IEAAZHE b P ICA AL 5 T30, T kg2l R e W, SRR R0 2 ik
R H FDP 75 i R 45 R T 1 35 22 5, 5 800 o B VR 5 A 45 SRAEAE I 35 22 | X U W B il 1 T L oA
T2 & B FDP A & . BAERAINE FDP & i AT P I R B RS ANGE & T U 8 241 R BT
HFDP & i e, A T2 ) AN A

[E$#1A] FBA,r&sifl, B<<PERT, FDP, Sk
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Expression, Purification , Biochemical Characterization and
Application of Recombinant Bacillus subtilis Aldolase

Gao Pin,Zhao Jie,Wei Guangxu, Yin Zhimin

(School of Life Sciences, Nanjing Normal University , Institute of Biochemistry and Biological Products,

Jiangsu Key Laboratory for Molecular and Medical Biotechnology, Nanjing 210023, China)

Abstract: Fructose 1, 6-biphosphate aldolase ( FBA) is glycolytic enzyme that catalyze the reversible conversion of
fructose-1,6-disphosphate (FDP) to glyceraldehyde-3-phosphate ( G3P ) and dihydroxyacetone phosphate (DAP). A fba
gene(fba) from Bacillius subtilis encoding a monofunctional FBA was firstly cloned and expressed in Escherichia coli
(E. coli). The recombinant FBA was purified by Ni-NTA column. Protein expression were induced under 30 °C and
analyzed by 12% SDS-PAGE. The recombinant FBA molecular weight was about 35 kDa. The optimal reaction tempera-
ture and pH of this recombinant enzyme were 35 C and 7.5, respectively. Furthermore , the effect of metal ions on recom-
binant enzyme was determined. K*, Na*and Fe®* could promote the activity of this enzyme while Zn** ,Mn>*, Ca®" and
Mg™* had a strong inhibitory effect on it. Based on the specificity of FBA in catalyzing FDP to G3P and DAP,we set up a
method that can be used for determination of FDP concentration in the fermentation broth by using 2, 4-dinitrophenyl-
hydrazine(DNPH) as substrate and recombinant FBA as enzyme. Compared with multienzyme method and spectropho-
tometry method, the result of this method showed that the recovery rate of FDP was 99.54% and the relative standard
deviation was 0.427%. T-test showed that there was no significant difference between the result of multienzyme method
and DNPH-FBA method. This result means that DNPH-FBA method can be used as a fast and simple way to detect FDP
concentration in FDP mass production process.
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RBE-1,6—- —BEMR (fructose-1, 6-diphosphate , FDP) J2 2] Jfd 7E 1 B i i 45 b p= A B E B rp R =) 2
A 0 S Ao B AR b S e 25 EAE Y. FDP R T RO L SO LA
E DI RETEIE | AR AEE R A PR ERE FF R A2 A R S 2 RO 5T . HET, FDP (A
= S P MG PR A0 M B AR A (R T FDP 7E A AR 2R R v a2 B A AR 5 L ATP
NADH 520 , HoA iR 5 iR B, Y FDP AR B 31 R 48 it AR Rk 73 . It LAZE FDP 2B 77 i
T e g A7 —Fh T P HER N 2 FDP 25 5 vk A s B Y.

F ) T A: TR ANAT 1Y) S5 B o R SR P R o TR SR MR, A A e e R - o - BRI L
- 6B R S5 B RE TR 2 25 5L, SR AM Y BRI FDP ZEER IR A 5 rp & A S A il o PP e i
ey, vld At 292nm PR EED E FDP & i 3205 % a] LSS BUR B FDP 5 6 i PR s ) 1H 2 i
TR W (0, S A 3 1 T, PRI Tk S B 0 . 22 st R P RS 4 T A R il S e
PR PR B STA A R VR TG T A9 Z B R R IUE FDP & & 53205 kv ISEE FDP & s HEm I | (HU2 T
TR R B 5 HLROW B[]

FBA i P8 T 1934 459 Meyerhof 55 A& 3. AR5 HARAHLHIA R DR P RSE . 1 8 FBA 7
TETEh A SAE H, 1A FBA fA7E T AR A1 — 2L 2ts b, FBA E 2D Re 2 7EMEIE A o 72 rh i 1k FDP
S DAP i G3PH1,

AT DA B ZEFRAFBR b T e SR - 1, 6 - R W 46 W 3L X, - AE KA FF T8 Rosetta (DE3)
SEHLFBA B (A sk ak , 40 B AL AR AR TG T A E 2 FBA 2R (1, IRl 4 e BE P Xt FBA
A BEE P B TR ARSE. A, i 7 20 B 0 0 Bl b X kA7 0, s 1 — bR o 1
FDP & p BB . FRERA S H] FBA X FDP [ Re S Al e — 1, 38k 1) 5 A o P S i B2 19 FBA
ffi FDP 584273 4= DAP SR 5 {5 B DNPH 5 DAP 455 U8R 20 (5 p9 A i, 78 540nm P T I I fE,
RIVRT R ERRINE FDP 5 5

25 ERTR BRI B 20 FBA X R B h FDP 3 it EAA PR AER R S, EUR T KA AR
BRI AS B, 3 A 0 P il 12 0 5 P TRV v FDP 5 it A o [T S5 T s 5 32 55 AT 1
I8, XTI R L 2 BHE RN FDP & B ZE R T T 22 50007, B AR IR R R I
o FDP 55 i A PRE R D D7 VAR A A

(R 2 2R S Y W RTS

1.1 ##y
FDPNa, AR fSh (201 =99%) (PCR k7 & . pH 7.4 Tris-HCl %% .DNPH  F 41 T FL i W 018  H %
Wi BRI S A0 A AV [ R I I S L S B R TR M S R
1.2 FEMNE
AR UK EIMHOLETT BRI A AT R4
1.3 RiE-1,6-"BiBRBEREARES AL
F£ NCBI Hr 2 1) 21 5 2 AT R 4 i3 DR P 9 AR B 036 R et 5 10 3 F 5 | AV 14,
W51 .5 -CGGGATCCATGCCTTTAGTTTCTATG-3'
1
BamH 1
T 514 :5'-GCGTCGACTTAAGCTTGGTTTGAAGAAC-3'
1
Sal 1
AR S5 58 AR A7 (A R 2 AT 1R TR SR A SE R ALV S B R SE R 1 AR, PR BTk i+ | i A 7
PCR(94 °C 20s;57 °C 20s;74 °C 45s;28 DMEFR) I3 304 H AR 5 804 % He iy i o 41 e 3k ok, 5%
fLE] Rosetta( DE3) 11, i F 8 11K 5 248 Ni-NTA A2k B4 A5 FBA H 418 1B, U & e
B ABRREE T -20 CIRFF.
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1.4 EHARE-1,6-_BBRBREEETHNE

HRFE SCRR[ 14 ] FP Y FBA BRI AE 5, LIRBE-1,6- WEER AW, JH I FBA W iR H- 3 i 0B A
VAU 12 S A0 T 30 Ao A 000 3 S A il T SISO A AR AR HE SR FBA 3 ). ROWAR R 54 50 mmol/L,
pH 7.4 1) Tris-HC1 ZZ /1 ,0.2 mmol/L NADH ,50 wg/mL W& H- i i S0 A1 P9 B R S A4 I , 16 1) FBA
Fit A FDP. 38 5 U E 340 nm ARG AR Ak S 1 FBA W76 7. BTG S 7 LR ImL NIRRT,
B8 % 1 wmol 1% FDP JIr s A g A — 1 BERE BA46 U.
1.5 EHARE-1,6-"BBEBRBHEFER

FBA $5cidi SOW I R 22 vl o3 Bil7E 20 °C (25 °C 30 °C .35 °C 40 °C 45 °C .50 °C |55 C/KIEP IR
10 min, MIA 100 wL B2 H Il U6, 100 WL PVREBE IR A B, 100 WL FBA , ZEAN[AEE T [V 5 min, £
T 340 nm AbWESEAE P AR, DAsR G 8 100% , 455 25 5 B2 R A9 AR S . FBA (AR P . % FBA
it 53 7E 20 °C 30 °C 40 °C 50 °CH1 60 C/KIAEIRIR 1 h, HEF% 30 min BGH —ZHFE S HEATRETE U A2, DA
5 = B R 100% . LA 1 AL, R A AL s

FBA fit3di 2 pH {H : LA FDP N JEY), 78 pH 43514 2.5.3.0.3.5.4.0.4.5.5.0,5.5.6.0.6.5.7.0.7.5
8.0.8.5.9.0 MG Il i, ¥ b A W I 5 5 i, A T IS 00

428 B 16 FBA G 1 s . F 45 2K &R B 1 SR &, i H e 2Ok B2 40 135 3 1 mmol/L Al
8 mmol/L,#RJGFE 37 °C .pH 7.5 45 T I B 1% , 45 BAS [ VR BE 19 2525 4 o 7 X i 3% 52 ), oA Ak 34
) B G 4 100% .
1.6 HEEENECHIKE FDP ARHEILIFERLZL
1.6.1 BLH47fiRk

FDPNa, AR : FREX 0.4 ¢ () FDPNa, SRS TG KT, B 2 100 mL, BLA 4 mg/mL (RIS
. DNPH J&#:0.25 g ) DNPH ¥ KA T 2 mol/L HCl #2452 250 mL. Tris-HCl 2% M - 50 mL ()
0.1 mol/L Tris AR5 42 mL 9 0.1 mol/L HCl IR & EAZE 100 mL,pH 7.4, EELHEFHIF) . 48 Ak aifbis
1) i 1S 4 it P R 40K AR B 2 2 mg/m.
1.6.2 #5 FDP A7fe ¥ &

e 1 PRSI IUFERAE T FDP FrifEh k.

&1 E4 FBA 5% FDP {r&EBER
Table 1 The FDP standard by recombinant FBA hydrolysis

21531 =M 1 2 3 4 5 6
FDPNa, #r#Ei& (mL) 0 0.1 0.15 0.2 0.25 0.3 0.35
Tris-HCl ¥ ( mL) 0.7 0.7 0.7 0.7 0.7 0.7 0.7
/K (mL) 0.5 0.4 0.35 0.3 0.25 0.2 0.15

T4 B 1) 77) (mLL) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

B R A P 7 AR S L IR ST, 37 COKME 15 min, SRJG BE4LiINA DNPH % 0.5 mL, IR H &
ZEIE, A 0.75N /) NaOH ¥ 3.5 mL {R%J,8 min PITE 540 nm A E W OE(E A. DL FDPNa, &4 (mg) A
BEAR AR, WOGIE A AR, 2 bR e £ 75 3] B 2.

1.7 25X EZER SEENELE RS FDPNa, SEMHE
1.7.1 b R E &

FRMESCHR [ 7] P fdi A0 5 ¥k, BUAS [A) & 2 9 FDPNa, ARUEVEIR, A 4 mL WERR IFHKERE
10 mL. WK MR 8 min, BRI R E R, 7F 292 nm PRI & HROGEE. #rAnifE £k, B FDP & Bl 28
Fi R, M %E FDP e
1.7.2 %8k

P JESCHR [ 8 ] B ad (1) J5 2, BOAS [] 75 12 ) FDPNa, B HEVE WL, 382 0013 A0 RO 28 4 Tl s 1 el v &
il BRI PR S A I i R il T 45 Y 82 WA AE 339 nm I K AL WO il 2 Ak B, ST bRl il 2. B
FDP KR MBI I E FDP ¥R EE.
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1.8 FDP ZEHNFIERSENE

VAT 25 Ay = B SRR C VR & el R 3, AR S0 & T AR A 1 T BB N B B, 64T & 18 5 B FDP. it
R Z: 6 000 r/min &0 10 min, B ETER, R GUZE P & B4R 7= FDP BT

HUFDP & AT 2 mL, 22 6 000 r/min B0 10 min J&5 B ETE T, 7k 50 475, B 0.5 mL # B REdh , 14
HEE 3R 3 Rb 5 5 vk 4 S | R B H FDPNa, i, 55, % 3 Ry s A7 MISCR 2 | 10 4%
S BT LK.
2 TIRESR
2.1 R¥E-1,6-"BIBEEEEESE fERIA R A

AR B ZEFAT 1 P e B R AS B 4R i L [, PCR 25 SR /R fba 4K hy 858 bp, I AL # B 4 %3k

kL pET28a( +) -fba (&l 1) , AL B KIHATH# Rosetta( DE3) 5 S8 121K 5 28 Ni-NTA #:4iifl &t
WeAr 34T FBA A E AR (E 2).

A M 1 B florigin ~ Sal
2000

1000
750
500

858 bp
pET8a(+)-fba

6227 bp

250

200

A.M:DNA ZrFIthrifk, 1:fba H I J7 B B.EALUTURL pET28a( +) ba i
A.M:DNA marker, 1:PCR products of fba ;B.the map of pET28a( +) -fba plasmid
B 1 PCR™¥(A)REAFH pET28a(+)-fba Ei&(B)
Fig.1 PCR products(A)and the map of pET28a( +) -fba recombinant plasmid(B)
A KDM 1 2 3 4 BKDM12734567M891011

AMEHSFERE; 123 E. coli/pET28a(+) £ HH H;2: 15 /5 E. coli/pET28a (+) -fba W HE H;3: W5 /51 E. coli/
pET28a(+) -fba L IEE ;4. 15T K E. coli/pET28a( +) -fba PLIEE . BM. EHASFEARME; 1. 2HAEN;2: LIFAEA;3-7: L
TR R 8= 1L LA BRI 22 vh s H v

A.M, protein marker;1,total bacterial protein of BL21( DE3) cells with empty pET-28a( +) ;2, total bacterial protein of BL21( DE3) cells
with vector pET-28a( +) -fba;3,soluble bacterial protein of BL21( DE3) with vector pET-28a( +) -fba after induced expression ;4 ,insoluble bacte-
rial protein of BL21( DE3) with vector pET-28a( +) -fba after induced expression. B.M, protein marker; 1, total bacterial protein of BL21( DE3)
cells with vector pET-28a( +) -fba after induced expression;2,soluble bacterial protein of BL21( DE3) with vector pET-28a( +) -fba after induced

expression ;3—7, soluble bacterial protein of effluent from Ni-NTA column;8-11,soluble bacterial protein of eluent from Ni-NTA column
2 EHEEAMFRIL(A)FLL(B)
Fig.2 Expression analysis of recombinant protein( A )and purification(B)

i3 SDS-PAGE #6:illl , F2H FBA HY4> T 200 35 kDa, ¥4 B Hr ik 4 5 i FBA 25 11 B, 43 7] 43245 2]
1.5 mL Ep &+, -20 CHAF. Ll & e HE HRIE N 4 mg/mlL.
2.2 EA FBA B RR
2.2.1 #=41 FBA Bg/&Em T

W 2 FrR % Ni-NTA 205 i E 2 FBA B & 21700 , LLis J1 ATk 13.2 U/mg, Sk A5 5505 2
19 4% , B PN AT 3K 67.5%.
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X2 Ni-NTAHAUHEHEH

Table 2 Purification of recombinant His;-FBA

alifb A5 PR REM/mg BiEJI/U He G 1/ (U/mg) [T %/ %
Gitkic 152.4 82.4 0.7 100
Ni-NTA 4lifk, 3.75 55.7 13.2 67.5

222 E#1FBA %i&E R B pH

V4 E 4 FBA FEANIR] pH 251 F SR OB , DI 25 2544 13 1. IR pH X B4 FBA B ) 5%
M, 4nfEl 3 o, B4 FBA fcid pH b 7.5.
223 F4 FBA RiE BB B E Ao A AL M

P AL B2 FBA FEAN R AR 251 T SR RIS , D 45 250 T i3 ), 45 SR R E 4 FBA
B RN IR B R 35 °C (11 4) . B X E 4] FBA B M &30, 2B ik 5] 50 °C B s T Rt
T 20 °CF1 30 °C BB IS A AR E (] S).
224 455 FEL FBA B %00 % R

L8 BT XTEA FBA 8IS S 52 in gk 3 iR, Hidp Zn® Mn®  Ca®™ Mg® KV (1 mmol/L) Y
Na* FlE ¥ (8 mmol/L) i Fe* XJEE 2 FBA ¥ EATMEIVE. S5x5 ALAH L, Zn® (940 i /E F ik, =ik
JER Na™Fl K* SARHRE Y Fe™ X E L] FBA ¥1A — & W30S 1E AL

150 150
2 2
£ 1001 E
S S
< <
o o
> >
s 501 \ s 50
© ©
2 2
1 1 1 1 J 1 1 |
0 2 4 6 8 10 0 20 40 60
pH Temperature/ C
3 pH X EAEHFM 4 RENEAER M
Fig. 3 Effect of pH on recombinant FBA activity Fig.4 Effect of temperature on recombinant FBA activity
150 - ®3 EEBEFWELFBA FENZM
—— 20 C
. Table 3 Effect of metal ions on recombinant FBA
N -®- 30 C
Z ~ i o
£ 00 A 40 °C P FBA FHXI R T3/ %
3 ' -¥- 50 °C 1 mmol/L 8 mmol/L
<
° - 60 C Control 100 100
g 50 Zn?* 37.7+1.3 243504
o
A Ca® 94.2+1.3 82.722
0 | ‘5 Mn?* 76.5£3.4 95.5+3.5
Time/h ’ Mg?* 93.7+2.9 72.7+9
e Na* 94.7+1.4 115.51.2
5 EHEEmMARENR K* 104.3+3.9 109.41.2
Fig.5 Thermal stability of recombinant FBA Fe?* 114.7+1.1 61.2+7.3
2.3 EERRES FDP fRAEfh4k 0.4

AR E 4 FBA 2 %€ FDPHNa, br

0.3

v O 48 0 2 _ >
S, AR EIE TR ¢ =0. 14? 4x+0.175 7,R —0-_991 5. LA 3 0 $=0.145 4x+0.175 7
FDPNa, & (mg) AAEAAER, OGIH A AR, 22 1] g " R=0.9915
[ g ; X 6 . L 1 |
Rl (1 )FH 15 0.5 1.0 1.5
2.4 [EELIGHH FDP/mg

Kt FREL 1.6 ¢ () FDPNa, F31fE A T4k, & E6 7 FEAFBA EEAMUE FDPNa, &
RE L , B IR 3 Py kil 5 FDPN a, o , EARE | Fig. 6 Determinated the content of FDPNa; with
%:z 4 ET/?\‘ the recombinant FBA enzyme
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%4 FDPNa, B ZENEL R
Table 4 The result of recovery test of FDPNa,

FDPNay @%YEW/mg

X RSD/%
0.8 0.8 0.8 0.8 0.8
5 {8/ 0.793 1 0.792 9 0.799 8 0.799 8 0.796 4 0.796 4
PRt WL/ me 0.427
[T/ % 99.12 99.11 99.98 99.98 99.55 99.54
W 5E (H/ mg 0.884 1 0.896 9 0.924 1 0.900 4 0.881 4 0.897 38
LMY © 1.890
RO - [/ % 110.51 112.11 115.51 112.55 110.17 112.17
I E {8/ mg 0.795 2 0.793 6 0.791 1 0.796 7 0.790 3 0.793 4
Lk 2R/ mg 0.340
[T %/ % 99.40 99.20 98.89 99.56 98.79 99.17

X fR3% 5 Y-, RSD AR FAH X b v i 2.

2.5 EEERERET FDP & Bl
ORISR TSR SN 3 e BE vk | 22 MR DA K SRR X R B A2 7 FDP R R IV H0H FDP A &5 2R 470
SE AR 5 PR,
®5 3FFET FDP HE=¥FRPH FDP S EMNNELER
Table 5 Contents of FDP in the intermediate product determined with three methods

W5 YL 1 2 3 4 5 e
LM (¢/L) 90.267 89.321 90.481 90.059 89.638 89.953 2
L (/L) 83.932 83.982 84.011 83.977 84.075 83.995 4
B (g/L) 83.753 83.916 83.92 84.005 83.862 83.891 2

JT PRI B 5 AN O R K R X FDP & F A I 45 SR 1Y 22 S5k B SPSS A ik xif
25 BRI T T R34 , 45 5 3% PH SR 5 22 Wk I i BN TG i 3 25 5 (P =0.060 2>0.05) , Ifif 5
Tk 55 4k 28 00 A e 22 5 8 3 (P =0.006 1<0.05).

3 e

FIHEERE & A 7 FDP Byt 78, FDP 765 R R i 2 vh 32 2 HABACE 4, i ATP  ADP \NADH (52
M, FCA B 8 5 0 i o A B, 2 FDP R 2 3] 408k s (5 AR DAl o i, R ok g v — b b A 10 00
AR WA A

SR Z2 W e R h FDP 2 st | e il ek B 5, 17 LA A B8 B A K i (R A 7 S s, A
15 B . B AN I AR R FDP 5 i B AR ik . DLl (U H e 25 R 2 B R v il h 2
Pl (0 90, 00 52 At ARG . BRI RE & TR P FDP i i, A R 32 R i v HAh I ) T3
DU PR ERA R AU =, BT BB 4%, B TSt A

X € 1% T B T S I A, A 156 1T 2 S BORG M0 01 1 O A T 4 0 A 5t 1 2 € S TR
T AR A T XY R Ak LR AR A X S s . R IR A b FDP B s v T L& I S
VB R A % S 7 YRR A 0 R T L R A 0 5 1 v it 12

FBA HA & B A& —VE, ELIZBHARE A0S 4 vl s R ARG, B i P s A SR L SR — 6 — Wl 15 A1 8 2
-6 - TR Y 2 2 = G A 252 2] FBA XF FDP (3 S . HU= & I % DAP T G3P Al 455
J T DNPH (8 S, (B2 5L T S DAP 1 G3P (1A B AR A ELZE I 5 K i s A% 5 2R AT B, L
SN ] L Z AT

{2 Y S FDP & i IR, DAP 1 G3P ] G (i A5 I i) B0 (8L O vma . Sk PR ail il o 5 0 At v 7
5 B X R i A 738 MR, I AN FBA EEZH 26 (8 (1 0.5 mL AKARER ) At BE4L, A7 5 | 4%
Je A S 40 5 0 B OB B 228, DAL FDP &4 TRt m] el A S i 22

4 ik
ATFGE YT T 4G B HUAT B fba JER | 340 1 5% T 20 e 3A 40K, I Ni-NTA K XJ 8 41 FBA

VAT B A A A E 9. EE57 T DNPH VE R L, B4 FBA VE B A9 S, IR X5 3 Fh FDP il
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SEJTEIEAT ORI, B 5 AR 22 B I o8 4 RN TE 035 22 5, LA SR P A v B U
€ FDP i HA PR MER | () 50 1T, ANS2AE dh o Al o T P08 1T B AN DR 18 T 1o 52
ZRB AR FDP S ORI , o nl T3 BURE i b FDP Sl , BT 2 AT fEL
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