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AR TAERUE = A POR FasE B3R 11, AL 4% /N T
PR I A M 1 (JeAPXT) 110 ) ke i A e T
Rubisco {% fL.H 2 (GmRCA2 ) "™ Fl K Ji ¥ 1 185 42 % 2
O-F: B FAME B (EcMetA) ™ | #5 36 K W ¥ 7 ACP 1y
il R R 75 R A A R R T T T 201 2 1 1 T
FFa

1 #R5FE

1.1 #% #l
R pET32a ( + ) F1K M #F B 1 #k DHS | BL21
(DE3) $4 A ARS8 FARTE . & /M F PR MLER 1 S Ak

Yyt 1 e P (JAPXT ) 1) K #F 18 2 35 2 f& pET
(JeAPX1) Ry AR S22 S At e o BRI P V) A%
fit} Ndel 1 Xhol \DNA 7 $2[if 1 Phusion (& FL DNA %
4B H Thermo Scientific 23] ; 4 & K 2H DNA $HL
A& PR DNA $2 070 & DNA B8 2l A iR &
Wy 5 4t 5t Tiangen 2\ 7] ; TransZol 15 | S 4% il &
PCR mix, DNA F1 25 H BT 4y 5 B2 & b5 fE 3%y b 52
Transgene 2\ ] 7™ iy 5 oAt A= Ak 32500 34 o [ 7™ 43 B 4
IR 1) A B DNA U 35 H A6 5 A KRR 2 A

%bﬁo

F1 ARIEHAETASIY
Table 1 Primers used in this study

Name Sequence (5" — 3") Remarks
EcACP-5Xh GTGTCCTCGAGAGCACTATCGAAGAACG Xhol®
EcACP-3Xh GATTACTCGAGAGCCTGGTGGCCGTTGATG Xhol
EcACPm-Fw TGGGCGCGGATGGTCTTGACACCGTTGAGCTG
EcACPm-Rv GACCATCCGCGCCCAGGTCTTCAA
GmRCA2-5Nd GCTGTCATATGGCTGTAGAAGAGAAGAAAGAGATTG Ndel
GmRCA2-3Xh GATTACTCGAGAGATTGGAAGAAAGTTCCCCTGTTA Xhol
EcMetA-5Nd GCGTTCATATGCCGATTCGTGTGCC Ndel
EcMetA-3Xh GATTACTCGAGGTCCAGCGTTGGATTCATG Xhol
Pt7Up-Fw ACCGCGAAATTAATACGACTCAC Upstream of T7 promoter in pET32a( + )
Tt7Dw-Rv ACCGGATATAGTTCCTCCTTTCAG Downstream of T7 terminator in pET32a( + )

Note: (D The sites of introduced restriction enzymes are underlined
1.2 7 &
1.2.1 AETREAEAGHERELRGEE H
TransZol JAFFE IR Z A Fr 4 RNA b e it
JEME N PCR 4. 5% GmRCA2-5Nd . GmRCA2-
3Xh (4 GenBank 1% 5% NM_001253316 #%£i1)
F1 Phusion B{# & DNA B 4§ 1K & Rubisco K {k
fifi 2 FE A GmRCA2, GmRCA2 ) PCR J Bralifk J5 M
Ndel F1 Xhol XLEF ), $R J5 55 2 [7] K XUE U 1) 2% 14
PET32a( + ) h B i #42, #9110 HE R o 1 17 35 5K 4R 44
pET( GmRCA2) , 5 2 o & I 3 5 Ll 51 4 GmRA2-
5Nd F#k pET32a( + ) Fil#514 Ti7Dw-Ry i i 18 7%
PCR %58 o Ji4b, 422 DA ) G 32 3O K #F 1 DHS
FEH 40 DNA R84, FIFH 21 ) EcMetA-SNd . EcMetA-
3Xh [ #2 ## GenBank 1 & % J¥ %] NC _ 000913
(4214280. . 4215209nt) &3 ] 944 KA AT B MetA JE [
EcMetA, EcMetA [¥) PCR F Bt 4li fk J5 th, 3 b Ndel F1

Xhol RV v B B4 pET32a( + ) b, My H W
FFRIRIBE A pET (EcMetA ) , 5520 5o b FH AL A F 5
M) EcMetA-SNd FlZk & pET32a( + ) #5149 Tt7Dw-Rv
Wt Y% PCR %08 o BEJS , &k pET32a( +) EF
W59 Pt7Up-Fw il Tt7Dw-Rv %t i % pET ( GmRCA2)
1 pET (EcMetA ) 47 X 1] -, 3631 Fr 4™ 5 1) H Fr 5k
o H8 , FIH514Y) EcACP-5Xh EcACP-3Xh F15¢ 748 5]
) EcACPm-Fw . EcACPm-Rv[ 2 GenBank AvZ:2% %)
NC_000913 (1151615..1151851 nt) &3], K5 W&
B WK AT 1R DHS 3 PR 21 3 1 HLt J 2%
R BRI ACP - T 1Y) 575 37 0 22 28 R ik 5L 58
AR H R, ACP () PCR F Bralifb )5 i@ i Xhol
BV, 2R J5 4 B4 A F) /& pET (JeAPX1) ™ | pET
(GmRCA2) fl pET( EcMetA) |- H 4 4 K] 2 i [X 5 T8I 114
Xhol {57 1%, ¥4 % B I K o A 1 il 3% 35 201k pET
(JcAPX1-ACP) .pET ( GmRCA2-ACP) fl pET ( EcMetA-
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ACP) 41 5ok S 3 B AR IR 1 L5 | 9 Fn ACP R
W75 14 EcACP-3Xh i 7% PCR %5E . fie)m, Al FH#k
& pET32a( + ) FE5 4 Tt7Dw-Ry X X S 5L K g4 vF
AT 5 B3

1.2.2 A EFSRAEME A Ak BRER
Ml A2 s AL R I AT I BL21(DE3) , $¢ 1:100 b
T 4 P e PR R A 37 °C A G 37, Bk 82 T 37°C B
FEE ODgyy 1 0.6, R 5 I A LM A 0. 5Smmol/L 1)
IPTG ,30°C 53 55 5% 8h, B0 IR 14ml 5 5 74 1) 14
R, il 4ml PBS Z2ohifg (pH 7. 4) HEL 5 HEA T P A
161 By F 12 000r/min B0 Smin, R 43 i
YRS REAR S, LTE T 16wl PBS 22 b i F A8 S 1 0 A
P[] H 16wl B TR WA S B R (R i T AT,
200 b 75537 PRI 25005 1 B AR 16yl PBS 28 phi B
B ERARESHE (UL o AR AR 4pl 5 x
i L FE R v, TR S) S A& Smin, 2R 5 12% SDS-
PAGE JEATHLEK M ™

1.2.3 E4 k& G RS iR B 4 3 Fn SDS-
PAGE 4 41 Bt 200l % B & F 12 000r/min & .0
Smin; SR )543 B 16l 13 F JLA B PCR 4, H
Eppendorf #5 PCR {BLLLR B2 16 B2, AR H8 AN [ H A7 2
P4 A0 8 TUAN IR B o5, b 3 30min ; 32 5 45 BN RE i
F 12 000r/min .0 Smin, 5 4 %6 L5 /E B S
(#7%5 S, ~S,), DLUE A 16pl 1% B PBS 2% o i
(pH7.4) TEJSIENFES P(h5%5 P, ~P,) . )5, 1E
FAFERIN 4ul 5 x BB ARG P BORR S, A
Smin J5 ] 12% SDS-PAGE 347 H k40472 .

1.2.4 APX EgiE M7 FAHEA JeAPXT KHFEA
I JeAPXT-ACP 11 ifi J8 o6 B2 42b B0 R G 73 AR i (S
P) g5 lm] bo I 12% AE 725 1% PAGE Jg 47 Hi UK 73 15
J5 , 2 18 Mittler Fl Zilinskas ! i 75 8 3647 APX JRVE 1
Yeta o BAHN, S8 Chen F1 Asada'™! [ 7 3747 APX fiff
TP 20 BE TR0 5, AR i 4 R A B 1 i
FRAEAL R 100% , 3 LA A 2 RT3 1 T i Ak 2 3t
R il R X Bl M o

1.2.5 W88 H gt ot Sl M
HE T S0 AR SR A Invitrogen 23] ) Vector
NT suite 11. 5 Z 4, i F Bio-Rad #E ¢ 55 F1 43 BT 1
{ Quantity One X} SDS-PAGE Ji& I H 1 % [ 4% 17
KB FE A3 BT, A5 B LR A SO BEAE, A 53R
PG SRS AR ) — AL (78 S P i okt
BHATEPEL = S/(S+P) x100 % ], 7340, fEA AR

JERLBRASAE T, dt ik b B T 20 4 Y AT R AR Aok
Fle A F e P B Ak BN GE T 18l F Microsoft

Excel,

2 #F R

2.1 BEAREREXKGHEREHEEE

it RT-PCR, A TAE KRS 4 vt A vh s sh 73 15
FI k& Rubisco 7GALE 2 P GmRCA2 , H: PCR Bk
/N 1. 15kb, 5B (K 1a) o Al )5 i id o)
Y1 EBGPI AL A Ndel F1 Xhol o7 F B 4R 44K pET32a( +)
L A TR AT K HA pET (GmRCA2) , Hi
PEH 2 ve P 1 B 7% PCR 153 %85E (& 1b) , iE—20
I 25 2R 2B GmRCA2 BE[H 9 ith X 5 H: GenBank rh
Z% 75 NM_001253316 JL-F-584—3, HA 3 4R X

T A TR Bl i A PCR N KA I
H 15 5] MetA B35 EcMetA , K/N2H 0.95kb, 5
AT (F 1d) . H PCR K BLalifb )5 A Af i i i1
{45 Ndel F1 Xhol v B 3| 24K pET32a( +) b, #ygt T
FERIAHT i 2235 284K pET (EcMetA ) I3 i3 # 7% PCR
PR (B Le) o #E— 20 09I P 45 3R] EcMeiA J
4 4 X 5 H GenBank 1 £ % J¥ %] NC _ 000913
(4214280. .4215209nt) 522 AH[A] o

BEJ , FATIR TS| ) B 2 S A AR B T R D 4
H T 9 IR B AR B 1 5L TR ACP (LB i 55 37
P22 ZPRIRBE &Rk L) o ACP Bt Xhol
BV A7 A543 3] 4 A B 84K pET (GmRCA2) 1 pET
(EcMetA ) | HARHE DR i X5 10, 75 S AH R @5 5L 8 Y
FWFF 252K pET( GmRCA2-ACP) 1 pET( EcMetA-
ACP) , JIf5did % PCR %55E (18] Le f) o [RFE, K5 ACP Jr
Bodi A3 pET (JeAPXT ) ritis 4745 1 il & #5244 pET
(JCAPX1-ACP) (Z5 R K R ) o i &K T sl 9
Tt7Dw-Rv XX = ARl G Rk a8 S T Wil s, 45 R 3k
] ACP Fa1) (046 9788 110, 231bp ) S 5 H AR EE D Y
Fil A 5 U 8 4B, A U BRHE SR AR

W L K AT i ACP SRR (1 M Hoh & 3
— BB AR/ (aa) 3§ BT i (MW) (7 pH7. 0 (1)
VL SRR (pl) AF (3R 2) , AT LA R i ACP
e IR IE /NG 75 B, AR S fil G AR 28 IR R Al
B4 #8 2  ( JeAPXI-ACP . GmRCA2-ACP ., EcMetA-
ACP) iy ¥ i3 RiF 2, AVRE R REZ = TR R 1
(7£ pH7. 0 [t s gy B A 43 HE3Gn 55 v s R AIR)
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Fig.1 Cloning of the target genes and construction of their E. coli expression vectors

PCR amplification of the target genes GmRCA2 (a), EcMetA (d) and colony PCR identification of the expression vectors pET( GmRCA2) (b),
pET(EcMetA) (e) as well as the fusion expression vectors pET( GmRCA2-ACP) (c¢), pET(EcMetA-ACP) (f). Arrows indicate the target PCR

bands. M: DNA marker

®2 ACPHBEBRHEMAEOMNE

Table 2 Properties of ACP, target proteins and their fusion forms

Name Size (aa) MW (kDa) Net charge at pH7.0  Percentage of net charge (%) pl
ACP 77 8.48 -15 19.48 3.97
JeAPX1 258 28.56 -10 3.88 5.76
JeAPX1-ACP 337 37.27 -26 7.72 4.91
GmRCA2 394 44.14 -8 2.03 5.60
GmRCA2-ACP 473 52.84 -24 5.07 4.85
MetA 317 36.79 -17 5.36 5.36
MetA-ACP 396 45.49 -33 8.33 4.77

2.2 FEE ACP AR AMTHEAMEANAAMY

W TR A ) 238 A A K A1 7 BL21 (DE3)
JEH PTG 72 30°C #4715 SR ik, MRS B
PR G BURE T Ay LB R B (T) . BV (S) JULTE
(P) =AM 34T SDS-PAGE Hijk/3#r. 5RW], =
MNEHIEH JeAPX1 ,GmRCA2  EcMetA #3G #H 24 —
R IANE R TIRE L 0 (8] 2a . d ) F71E  (HH AT
PEREDE C uiml G (Y ACP R R 9, H i 4 il 2
JeAPX1-ACP ,GmRCA2-ACP  EcMetA-ACP JLF 43 n]
T B (# 2b e h) o #E—25 ] Quantity One
A XS BERE A A5 HEAT R E A, O LA 5
FAE AW VAN, 25 R W TERE R Y] ACP AR Rl G br
AR O3 W SR N7 SR R DIRS d TS G Ll

2¢ . f.i),
2.3 BEACPAIREEHEEAMMAIZEN

T AR A i o 21 AR TR R T T A R
TR KB 3k, 0 H S A0 AR AR 1 7E SDS-PAGE
e ILTCE S ([&2) , I TR 2hifk B 4% 1 T Hdee vk
I3HT. HAHE PR TERSE PCR AL LS5 A9 ik B2
RUALHE 30min J5 , BN R Ar BIE (S) FITTEE (P)
WA 5F T SDS-PAGE ik 70 #fr. R 5, it — 20
T BRI L A AR B K B E AR R AL
A AR AL S 0 R, O O B IR R Y
Ak,

& 3a.b Al LIE H, B4 JcAPX1 & H1E 37°C Ak
R R 29 30% 728 AN RIS UE , i HIH A v v bl
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Fig.2 ACP fusion enhances the soluble expression of the target proteins in E. coli
Solubility comparison by SDS-PAGE analysis for the recombinant target proteins and their fusion forms, i.e. JeAPX1 (a) vs. JeAPX1-ACP (b),
GmRCA2 (d) vs. GmRCA2-ACP (e), EcMetA (g) vs. EcMetA-ACP (h), and by protein band densitometric measurement for JeAPXI vs.
JeAPX1-ACP (c¢), GmRCA2 vs. GmRCA2-ACP (f), EcMetA vs. EcMetA-ACP (i), respectively. Arrows indicate the recombinant proteins
M: protein molecular weight marker; Ul: Cell lysate of the uninduced bacteria; T: Cell lysate of the induced bacteria; P: The pellet fraction of
‘T’ ; S: The soluble fraction of ‘T’
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B3 BhE ACP AR EER JeAPX] AR E S
Fig.3 ACP fusion improves the thermostability of the target protein JcAPX1
Comparison of the heat-induced solubility changes of the recombinant JeAPX1 protein and its fusion form JceAPX1-ACP, analyzed by SDS-PAGE
(a) and protein band densitometric measurement (b). Arrows indicate the recombinant proteins M: Protein molecular weight marker; CK:
Untreated sample; S, P: The soluble, pellet fraction of each heat-treated sample, respectively
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AL PR FE R A AR T R, B4R 48°C i LF- 4
AT . AHELEL, JcAPX1-ACP i 478 11 vl VA ML
37°C AP A A AR /I, T L B Ak B L 8 T o 1T T o 1Y)
A LGNS BT 48°C YA 24 70% A A5 43775 7]
HARAS

Ffelith, By & 4a b AT LU H, #4 GmRCA2
TEAT 40°C AL 5 kA 24 40% 75 A v] % UL , 1 HL

CK 299 353 407 46 49.8(°C)

M s PSS PSPS PSP

AT R A A0 IR (9 T T T R, B4 S0°C i
HRIT 2y 30% Al . AHLLA, GmRCA2-ACP Bt 5 S H
AT VETE AT 40°C A FR S AR AL A B35 (K 80% )
171 L Bt Ak B FEE T o T A 9 e+ o 218, B 4k
AL SOCHHISA 25 75 % s PRAFLE R RS . X IAFE X
15 GmRCA2 8 A L5 1 A7 4 il B2 A B A (Gl 30°C A1
35°C) MR PE AR AL HEA — 2L

e ~0-GmRCA2 - GmRCA2-ACP
90 \;53,._
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Fig.4 ACP fusion improves the thermostability of the target protein GmRCA2
Comparison of the heat-induced solubility changes of the recombinant GmRCA2 protein and its fusion form GmRCA2-ACP, analyzed by SDS-PAGE

(a) and protein band densitometric measurement (b). Arrows indicate the recombinant proteins

M: Protein molecular weight marker; CK:

Untreated sample; S, P: The soluble, pellet fraction of each heat-treated sample, respectively

[FRE, % T 4] EcMetA J% HiFl A % 14 EcMetA-ACP
HIPRAEFR A BT 25 0 (1] Sa b) KB, EcMetA 5 H 7 ik
25°C [ BE R B AR AN RE (20 20% 2k AT M) |
FIIE 30°C I H A v Mk S R BE R 29 55% , i Lk
T PG SRR 2L 3 1T 40°C (3 35°C Iy B i) 20% ,

(Da CK 249 302 356 41  449(T)
M SPSPSPSPSEP

100-w= e & ! o -

R0- e TN S . T oww
R

60.
| o

50. e

40-

100- v

()

JE40°CHTZ) R 10% ) o FHELES, EcMetA-ACP Bl& 72
AT BRTE JIT 25°C 1R BE A7 L AT (249 10% ) B
B, A5 J5 T 1 8 T E Ak B LT A W A AR A, A O
45 CHH3IHA 35 90% AL T AT R o
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Fig.5 ACP fusion improves the thermostability of the target protein EcMetA
Comparison of the heat-induced solubility changes of the recombinant EcMetA protein and its fusion form EcMetA-ACP, analyzed by SDS-PAGE

(a) and protein band densitometric measurement (b). Arrows indicate the recombinant proteins

M: Protein molecular weight marker; CK:

Untreated sample; S, P: The soluble, pellet fraction of each heat-treated sample, respectively
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AT R AT LAE 1, flA ACP GBS 25 48 &
=AM JeAPX1 GmRCA2 EcMetA (#4858 1, 1
A 2R % 20 55 TR R A RE R 4 A 2 i T
.

2.4 EhE ACP H[IEEEH JcAPX1 & i A9 # it

FATLL JeAPXT ARSI BT T ACP Fl & X il
Fifg A 9 Pk B . 4L JeAPX1 A g A& E A
JCAPX1-ACP ()38 B b B K LA AAE i (S P) il % [ |
IRAAR AR M A T 200 . A APX RS M
(&l 6a) K P, F4H JcAPX1 Flj i P 7E 37°C Y B Ak B3 45
LE T FE, B 45C A B4R EF  (HAEHEE 48 °C gl 2B
WM, MHHLE, Bl & E 1 JeAPX1-ACP ARl e i
IGT 48°C (i AL B A5 b AT R KA AL (L
A ETF) , BEF T 50°C A B B R e, T H, B A
DUTERE i (P) BB s PGt 45407 Hh B, ST UE Hh
B JeAPX1 FIEL A i 25 11 JeAPX1-ACP J& ELIE KT .
220 o T R A A3 0 BE I A b TE A
(S) Hr iy APX i ii5 1 i (&1 6b) | R & B il 5 2 1
JeAPX1-ACP (R i $AME 2 0 35 47 T AR Rl 5 T8 X
JeAPX1, TEFTA KT 45°C TR AL BT 1, JeAPXT J
HESHEE JeAPXI-ACP YRGS ML BeA T, R ) 5
XTHE(CK, AR 280 B A B ) AR Le Ay — e PR EE Y ot H
F 73 48°C T, JeAPXT Jiff 6 4 gl 2 ] B 2 29 60%
1M JeAPX1-ACP Py Pk B 3R B T B e BB AT 88 %o
WE/VE T T 3T 50°C 1), JeAPX T il 36 14 5k B A 52 42
ek, JeAPX1-ACP [iff 1% YA RE AR B 7E 80% 24y s B
F) S3CHT, E LRI . ARk, X B4l i A
FeUIFLG ACP A A R JeAPXT I Sl P4 0% i
P =D T 2°C

3 i i

IR, 2 7 il 5 3 DR 2 3K SR LB vy 2 9 o ]
PEFTAERE P C SO K AT T T 4 8 A
RE NI U OR 77 14 B 28 T~ B, T A A% 00 il 5 o 265
P LU S5 S (%0 TR (R TI Ui DF: Rrog Tl P
FERRZE T, A A BA Ir 7 /N O B AL A
T P TR

KIGFFRIB IR A E 1 (ACP) B— A m B E Y
ANIYTHUIREE (H 77 AR IERRALR, pH 7. 0 505 T i
HLf - 15, WK 2) B T RIEE ARG AR LA
Kk, A THEBES =M RARERLER
JeAPX1 ,GmRCA2 \EcMetA JE17 3 Rl & Il HAE K

CK 37 40.1 423 45 477 50.5(%C)

s P 8§ P S P S8 P 8§ P S8 P

JCAPX1_
JCAPX]_ACPm
(a)
180
. < JcAPX1
160+ o JeAPX-ACP
_ 140} o
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<
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Fig.6 ACP fusion improves the heat tolerance
of JcAPX1 enzymatic activity

Comparison of the heat-induced changes in enzymatic activity of the
recombinant JcAPX1 protein and its fusion form JcAPX1-ACP,
analyzed by in gel activity staining (a) and spectrometric assay (b)
CK: Untreated sample; S, P: The soluble, pellet fraction of each

heat-treated sample, respectively

FRB P ERIR, R BRI AT ACP Ry il 5 bR %% g
G X S A R AR A R R (8] 2) RS E T
(13 ~[&5) , FFREA RIS JeAPXT i St R i
LT AR B 7 % 2°C (181 6) . KIGHFIE ACP 5
A8 RSG5 AN 50 AR Py A R 1V B AR 4%
(R — B, T B I ke R R SRR 4
0 R 5 AT 50 UE 1 I e B bR T T B A
Bo PG, RIGHFTE ACP BT LS 1S i AR E X
AR bR 22 OB (9 — B, A1) msyB A yjgD
TER o AT 7B 21 3205 MR & b i i B AT W AE /Y 1
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Fusing the Acyl Carrier Protein Enhances the Solubility and Thermostability

of the Recombinant Proteins in Escherichia coli

LIU Yan-juan' LI Xu-juan® YUAN Hang' LIU Xian' GAO Yan-xiu' GONG Ming' ZOU Zhu-rong'

(1 Engineering Research Center of Sustainable Development and Utilization of Biomass Energy, Ministry of Education,
School of Life Sciences, Yunnan Normal University, Kunming 650500, China)

(2 Sugarcane Research Institute, Yunnan Academy of Agricultural Sciences, Kaiyuan 661600, China)

Abstract At present, protein solubility and thermostability has become an unavoidable problem for the
efficient production, functional application and long-term preservation of the recombinant proteins. Regarding
this, the strategy by using acidic protein fusion tags appears to be an effectual solution. Acyl carrier protein
(ACP), an essential component of fatty acid biosynthesis pathway, is a small and highly acidic peptide in
Escherichia coli. Tt was in-frame fused with several heat-labile target proteins [ e. g. the ascorbate peroxidase 1 of
Jatropha curcas ( JceAPX1 ), the activase isoform 2 of ribulose-1, 5-bisphosphate carboxylase/oxygenase of
soybean (GmRCA2) , the homoserine O-transsuccinylase of E. coli (EcMetA) ] at the gene level for inducible
expression in E. coli. ACP fusion could significantly enhance the solubility and thermostability of all these
recombinant target proteins, and also effectively protect enzyme JeAPX1 from heat inactivation, with increased
heat tolerance of at least 2°C. Presumably, this effect of ACP might be related to its high acidity, and it could be
used as a novel functional acidic fusion tag in future studies.

Key words Acyl carrier protein  Acidic fusion tag Recombinant protein  Solubility =~ Thermostability
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