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., ABRERRA Y, AMALSHMHAFABREAELERAE S, KFFR AR WA A BL21
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Plackett-Burman (PB) 224 %%, M B FraA B> W XERTABTRRY . Tk, =
AEFW; REAFAMERPMAR, —KETARRKRE. RRE., KRR ALY, 446
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Bt Xt SRT-ELP36 {5 % B & I 7~ 1 IR 1 4% 0 1)
R, 7R SCE I B 2R S O % T % SRT-ELP36 K ik
A R B SR 4L 4), 456 Plackett-Burman(PB) 5K
55 5 D B AT (CCD) 5256 B g A5 37 1 1)
R K AL FL, fe A 50 L & BetE b 363E 17 14k
T2, ST SRT-ELP36 [ &80 . 9T B T
SRT-ELP36 % J A I 1 OG5 7 55 IR 1 1R - MR R
KR, IS TR ANE R BE T2, iz E A&
H A Ak AR FHZEE T Al

1 #M#5EFE

1.1 ER5iRF
L1.1 B AR50 R BL21(DE3) R4
F Thermo Fisher Scientific 2y &, & ik Jii i pET25b-
SRT36 H R4 B W H A4 58 B4 it
112 XA EEREREY . AR, ERK TR 1
WA A b FE R A AR R F

LB #5575 (g/L): B FIR 10, BEREEEEY) S, Sdk
B 10, [ RS 55 LT 2% (& 0 B0 BilE . SDS-
PAGE # FH HLTK: 2 BRSCHR [6] BC il 73 B3 e . VR4 e
Je . WA . Precision Plus Protein™ #75 #ff  :
4 H BIO-RAD( L1 ) A FRA w418 10 A B alifk
A (5T 10~250 kD), Fl T = it
5. Omni-Easy™ R S AU (ARG ofii: T A 1
MR A=Y 2R A IR A W], 4895 LT101, iR Y
PEH: Z LA (AMP, 100 mg/L) . F R 3E-4-D -5
FR2EFUBETE (IPTG, 238 mg/L), ¥4 0.22 pum 1§ i
AHUEBRIE . R BRI IR AL (g/L) : A B 5, AR 13,
BEIR — A 6.67, — K BITER 3.25, — /KA AL
0.05, LKA BRIREE 2.5, 53AMIA 9=0.02% HITH T
113 FBME  AWILEI L, SBA-40E A, 11|
KA P B A Wit 58 B s ml WO 20 606 BE i, UV-
1200B %!, b gt e R AR A Al B+ ROF,
PR42022ZH/E %4, B ZE WA 88 CF M) A3 BR A 75 5r X
JE 178 5 K % ST, YXQ-LS-50 &Y, | i 1 sl
BT BESF 45 50 L R IemE, g EsRA 1k T
FRAE A PR A5 & EHE pH HLAI . VA LA, Mg
B -FE R 2 Co N ) I aE B AR A R 7 5 88 A5,
4600SF, I ifg KigAarfb A BR A Al
1.2 XWHE
12,1 —%#-F34%  PEEL LB(Luria-Bertani) & {4-F
M e i 5 4K AT R TV, SR R 2 46 50 mL
LB #5775 1 250 mL #2)ff1, T 37 °C. 220 r/min 5%
R IRG R 6 he

122 ZS#FEA % 10%ERFH0 i M,
B — P F R E 25 500 mL 1 LB 85 37 31
1 L$EA, T 37 °C. 220 v/min 518 FHR% 1555 6 h,
123 REF#EAMFIESR T SOL KEEHETRA 251
KR FR AL, 121 °C K 30 min, &K IE T pH &
6.9, TR IE K 37 °C. it AR Iy A2 5
RN 100 mg/L & F PR 5 o/L 140 4 4 %
W, ZE VKT 5 4% 20% (PR R0 $00) 3 P it 422 b b 1
W o BIUEFE B E K 100 r/min, 25 < JiHE 3 L/min,
JE 0.05 MPa, 3 &8 3 i 20 K 5 il & BE W pH R 6.9,
) U A W RE S, TR LR TR R R AL . R
Ao A S A R A A R R AR RS 3R
R, AR E (DO) 20%~40%
124 #5x%E MEIRKE ODy, A5 35 B, #EA
IPTG EAUSE H 1.0 mmol/L IR ShEHFEL, /)
At EURE, A6r i ODygg, A 7 2 4 15 o, 42 Tl B3 W o i VAR
FEAKRT 1.0 gLo FEMAE LGB LRSI,
SRT-ELP36 fF7E T-ULTE 1, PLTE T 5 2285 F Al .
125 X#ETAASGEREHLE  RRBEHRIE,
R IR . TOHLER LA KR 320X K T 5 AR
S SRT-ELP36 3 ik [ 5 Wi, B> 55 40 i & 3 K
5o BIRTE B i i — 0 H I (10.0 g/L) F 254
(5.0 g/L) ; JCAIL AU 2 F Bt iR % (2.0 g/L) AT Ak 8%
(4.0 L), AHLRE LB RHE Y . AR, oK
KT BAIRE, AR EN 5.0 g/L; AR H &
HEAT TR ER. AR . SER . 8
% . 2R, 26T i v B ok 2.0 g/Ls TCHILER % FH i iR
A M(0.25 g/L) . EALER(0.50 g/L) FIRTREE (2.0 g/L)
TR EF (2.0 g/L), ML AN IS (0.50 g/L) AR Ry ¢
KRBT
1.2.6 X4E5KETiFiL AR AR

(1)PB S5 K& T B K 2 g 45 21, dEICF ORI
THr . BEREPE IO . BRI MR . BRAR L . MR EE. H &
%, B . B, S LE 9 IR R (R4 h
A~I, Bi{3i g/L), K H Design-Expert13 #4511 PB 5L
5, AR B E AR 2 K (=10 1), 78 500 mL £
P T R S5, A SRT-ELP36 7= Ay Wi 7 {f, i 1k
2R R (P<0.05) o SEER PR3 KoK L& 1.

(2)CCD 525 MR 4l PB S 45 51, % A T
By o BRSO R R 3 A4 3 R R R (4.
B. C)# 17 CCDE K i it, B HHE -1, 0. 13X
34K, 45 S L 25 AE 500 mL HE 5 I R L A
5, LA SRT-ELP36 7™ f Sy Wi h B, 57 — ¥ [m] 5 453
R, B 7 S DL AMRHC T o

DL Fr A SE s e 3 W A, S B DL
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Table 1 Factors and levels of PB experimental design
Factor
Corn steep liquor Ammonium Magnesium Potassium
Level Yeast extract Tryptone Glycine Proline Betaine
powder sulfate sulfate chloride
(B) ©) (F) (&) (H)
) D) (E) U]
-1 3.5 3.5 3.5 1.4 1.4 1.4 2.45 0.35 0.35
1 6.5 6.5 6.5 2.6 2.6 2.6 4.55 0.65 0.65
2 CCD BT Rk BE S Hr AR B AR 2 IR (G) S8 A
Table 2 Factors and levels of CCD design */j#?‘{ﬁ lﬂju qjxrj.mﬁ%i E/‘J %%jf(ﬁfa( Gm) ;
" Factor BB VTR 7 SO (6], 3 AR A T
4 B ¢ 1.5G
C.=CuX——XxX
-1 4.00 4.00 4.00 m
0 6.06 6.06 6.06 IJ(EF, Ct y‘:’ SRT-ELP36 %Eﬁi%g(g/L), Cm ﬂ‘jﬁ
1 . . . (bR S T RLHIE (/L); X R 1 R A

P +hr i 22 2R o 2R Design-Expert 13 #4547
]9 50 M7 5 97 22 50 HF, P<0.05 32718 25 5 i 3%, P<0.01
FIREFW
1.3 ®aFA*
1.3.1 B4R IKE (ODgy) M % ¥ K B H 25 B 7K
Tofs BE R e, {5 BEJ ODygo 20 T 0.2~0.8, %31 Fil N
JEEE S B AR R R AR R E T
£ 600 nm Y < T I E WO B, 600 nm kA Hy 1 1R
VA 8 G 00 18 R A D8, 32 D T A AR o TR AR L R
55 3R B 0T, S R AT B v B A I ) 3
75 15 SEBR B AR BE Ry OD g, T2 {5 0 B A B
T,
132 B AL AT REMNE B 1 mL kB,
12000 r/min 250> 3 min, b 75 B0E 2455 B 2 4 400
R EE<1.0 g/Ls SR A W A% 8653 1 ASC N 5 4 4 o
133 Bfr&acsnle  FIEHEC Wik
T SRT-ELP36 fA1E TULTEH, B0 5 1 FIG WK &
A SRT-ELP36. % SDS-PAGE & 1 v 1l 5 &
WEE, AL IRINT

(1) WAKRYTIE F PBS 2% il 2, 15717 ODg=5;
B 100 pL F2 R, A 25 uL 8 1 B REZE ik, koK
¥ 15 min, 12000 r/min #5.L> 3 min, BUEIER_EFE 15 L,
R EARES_EAE 10 pL.

(2)#17 SDS-PAGE Ik (/3BT 120 g/L,
e e o FE VR BE 50 /L), % s i R-250 YL 2 h,
I3 €23, 2 520 T I o

(3) R IR REBER UR F G434l v vk e 141, J ik

2 GRS

21 XEEFAESMBEERERGTSE

2.1.1 HBMNARERFZORIGY R KIFE
AP A K A% E TR B S Re R IR, [R] i)
U A: 0 200 RS R 0 A B 1 A e R AR PR, R
A AR S BRI AT R, O S = A 5 e,
JIT L 2 W 2 O o A T v %8 R I ) e H Al
Y A 2 — AT LB AR R S il B AR A R, kT
it B A BEAR QR S AR P ) AR R, A ) 5
PR AT B 1) e 2 B AR K SR ki . RIL, B o
3 M AN 2 B AH L, B E e AT RIBAT A K
FVE LR (1 i i mg (B 1), BLARGEhnest [E) Sy K i
FETR 5 25 B 85 9% 6 h A2 AT, LIS 400 4 4 A B £ 2
Ko B 1(a) 7 7 4G 0 20 K FF 7R 11 ODgoe(10.65+
0.05) =1 T H v 21 K W #F T 9 ODgoe(10.03+0.02)
P& 1(b) J 7 ¥ Ji 4] 46 Ak 41 T 41 5 14 SRT-ELP36 1™
AT H AL, w7 AT A (0.28+0.02) g/L, i 5 #
FEAE M (0.19+0.02) g/Lo R I, 366 FH 28 29 B4 R ok
TR A T IS BL 5 .

212 ABRMARAEKRFZROEREIGY R AFEZE
A P A KRR 1 3R A B RO JTT R AR, R
AR Y A KGR S B AR R B IS RECRY . BT,
TE 2 5% B2 R TEXE 97 6 h 22 A I, A3 BAMIn B iR 5% . &
g 2 FICHLAR, DR Y . B R oK
W BRIRE 4 FANLER, B2Ee0 I K4
KR A ) A, g5 A& 2 R, & 2(a)
BoR, AT RALER, A HLEE A R TR
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o 172]
3
4t 010
8
2+ 2 005}
e
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Glycerol Glucose

(a)

Glycerol Glucose

(b)

B 1 ARRIRRIE ST K BAAT B ODgoola) Fil SRT-ELP36 2K 147 12 (b) Y 52 1
Fig. 1 Effects of different carbon sources on the ODy, of E. coli (a) and the production of SRT-ELP36 (b)

(a)

Production of SRT-ELP36/(g-L™")
S
Y

K2 AR EIEXT K IGAT T ODgoola) Fl SRT-ELP36 2 477 12 (b) Y 52 1
Fig. 2 Effects of different nitrogen sources on the ODg, of E. coli (a)and the production of SRT-ELP36 (b)

K, HrP ORI R L BRSO AR F O B 1A AR

A A2 HE 1 TS W 5, ODgg 15 53 531 2 9.43+0.27.,

10.07+0.18, 9.43+0.04. [& 2(b) IR, BMNAS [F] A IR
(5286 20 v, B4 19 SRT-ELP36 Y 7= 3 ¥ 3 T %
HEZH, A7 AL i 3 s R0 F I HLAIR, b i
Ji B U B 5 R Be A, SRT-ELP3674E [ 19 77 2 nl ik
(0.27£0.01) g/L 247, B0t B 4 45 55 86.8%. X 7] fiE
I K ok R B
W I Z RO T 2, MR AR I 2R 8 A R A4
HEAE T o TCAIL U A felf B R e VS AU B RICR ]
4 TR AR, AT RE R R Dy SR B v Y SRS 5
TR AR A A ARG, T B R B T 2R T RE X R
AR R R BT — e e BEVE . R UL, o i B
PR AN, ERK T B G E N e 2
PB S5 T N 2

213 AAEARMAREKRKFZTOLLNG R K
FF B 7F 2% 15 15 4128 14 I A 2 40 40 i e AR £
1, ZIERR B = AR A B FEEFE D, SRR G
A LR T LA RO e 4 AR 1 Rk e AR i 4 i

WA, SR AR,

I, T B 2 A A A RS, BT, AE
o R R SR 6 h AR, Ay BIANINE A E A R
R I H R (Gly) | il 2 (Pro) | A2 R (Val)
AR (Lys) . HEARR (His), % 2B 1% KIGFF B A=
KN 2B H 7 A, 45 R A& 3 s, & 3(a)
SRS A [R) 24 R Y S I 4 v, R e R TR Y
ODygoo THIIHE T X FE 4L, HL AL Z R (ODgyo=11.76+
0.14) | %2 (ODgy=11.76=0.01) %} KM #T 1 A 4 K
PRk T Sy 2 L 3X AT RE 2 PR A R W) AR E A
pH, [a] i A 22 b1 Al (CUn = B R IR (ATP) B . 3%
it ) 1 355 M s A B s i 20 T 3 o AR BT
OB 35 ., $IR0H b | e 3 45 030 PASE, ZE 4 4t
EASBEEEME. F 3(b) BoR MMk IR A
2 R I 2 R B, X 2 B A A SR A Sy B
B, PR 34 (0.2940.02) . (0.30£0.01)g/L, A
J& SRT-ELP36#5 [ 4 Wl i H 2 2 i & 705K (27.27%) .
JOR I o 43 (18.18%) 42 ¥, AN AR I vl 2% it 4
BRI = S B AR R S RO R . R,
H AR RRE R 52 PB S5 i i 2
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Fig. 3 Effects of different amino acids on the ODgy, of E. coli (a)and the production of SRT-ELP36 (b)

214 AMHEA#MEBTAREKRFEORLIGHY
v BRAEFERR Z A1, TOHLER 25 m K T B AR R
RIXEM . W0 KIEERHASS MR 5D RE & %
O S, L AT 22 Y O A A AR 1) 25 A S R
mRNA/RNA 45456 1t I B MEw I, 2 5% AR
AL SRR, SO>S 5 K IAHFF B AR 1 A ik
S5 Tl 0 9 M A, AR 3 0 R SR P 2 AR Y
TR TR, BRSO A B, ST R T
RETE PRI, 5346, BRI UL G n B B R 71,
I T 30 o A 4 S AR 3R R 2 3 P T D A T
R T 04— % R W R (NADPH) B 17, 3458 K 1 1
mRNA [ 3 E P 5 BRI AR TS M, B2 T vl v M
R AR IR, R, 76 S % AR 5% 6 h
FEATEE, o BRI GR R EE | B R A . S ILER . B —
SRR LA BRI, e AT R A i A K R 4]
BT R, G5 R E 4 FiR . B 4(a) 8RS
5 20 T K FF TR 19 ODygg fEL Y3 55 T-%F BZH . 5] 4(b)
8 R Y AN RL IR o A SRR, X AR
A R AR E ], A 5 (0.2440.01) g/L, #5
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i R 6 fif 1 1 4 2 1 7 o EL G R 4 40 S0 42 5 34.5%
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RN 5 o/L WU ZIRER S o/L B I RE SR BV A
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ST 12 FhSEE 7 % . K 4% SRT-ELP36 £ [
PR AE S e AR, I X 25 R AT . R 3 R,
SRT-ELP36 % [ 7= 1F 0.35~0.87 g/L Z [i] , PB 5L
B U B s A L3R 4.

H1 ¢ 4 W], PB S5 [T A AU AR 1 3 (P=0.0470<
0.05), A ZE X} SRT-ELP36 j= & 14 5 i AL F M K /7]
WKy e BEEE LY (B). R (C). BRI T B
(A). B (H), 2R (G). Bl B (D). i FR B;
(E). H&EmR (F), SAH (). Hrb, AR | &
R KR 8 o G HE R e [ - (P<0.05) , filf =2
Bk o i 220 PR A YR G B 5 i [ (0.05<P<0.25) , B iR
B BRPREE . HEm . FALH N — MmN (P>
0.25) o SCHEFZ A PR 7~ 10 A BRI, Wi BA HLAUK
P 5 vk B SRT-ELP36 #MRF & % i 42 0 T s T
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Fig. 4 Effects of different inorganic salts on the ODg,, of E. coli (a) and the production of SRT-ELP36 (b)
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Table 3 Experimental design and results of PB
Factor
Group Production of SRT-ELP36/(g'L™")
A B C D E F G H 1

1 6.50 3.50 6.50 2.60 1.40 2.60 4.55 0.65 0.35 0.70

2 3.50 3.50 3.50 1.40 1.40 1.40 2.45 0.35 0.35 0.35

3 6.50 6.50 3.50 1.40 1.40 2.60 2.45 0.65 0.65 0.73

4 6.50 3.50 3.50 1.40 2.60 1.40 4.55 0.65 0.35 0.59

5 6.50 6.50 6.50 1.40 1.40 1.40 4.55 0.35 0.65 0.87

6 6.50 3.50 6.50 2.60 2.60 1.40 2.45 0.35 0.65 0.67

7 3.50 6.50 6.50 1.40 2.60 2.60 4.55 0.35 0.35 0.81

8 6.50 6.50 3.50 2.60 2.60 2.60 2.45 0.35 0.35 0.66

9 3.50 3.50 3.50 2.60 1.40 2.60 4.55 0.35 0.65 0.39

10 3.50 6.50 6.50 2.60 1.40 1.40 2.45 0.65 0.35 0.76

11 3.50 6.50 3.50 2.60 2.60 1.40 4.55 0.65 0.65 0.59

12 3.50 3.50 6.50 1.40 2.60 2.60 2.45 0.65 0.65 0.59

* 4 PB IS R L FE O
Table 4 Analysis of the levels and main effects of each factor in PB experiments

Factor Variable DF F-value P-value Significance Important ranking
— PB model 9 20.65 0.0470 Significant —
A Corn steep liquor powder 1 33.07 0.0289 Significant 3
B Yeast extract 1 75.48 0.0130 Significant 1
C Tryptone 1 69.06 0.0142 Significant 2
D Ammonium sulfate 1 1.74 0.3179 Not significant 6
E Magnesium sulfate 1 0.70 0.4922 Not significant 7
F Glycine 1 0.21 0.6899 Not significant 8
G Proline 1 2.51 0.2541 Not significant 5
H Betaine 1 3.09 0.2207 Not significant 4
1 Potassium chloride 1 0.02 0.8997 Not significant 9

DF—Degrees of freedom
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R . BRI T X 3 4 G847 CCD L5,
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Table 5 CCD experimental design and results R Design-Expert 13 B A4 T I B B G D B
o Factr Production of 7, R 75 P I I BRI 6.8 /L, 26 11 I
p B c SRT-ELP36/(2'L™) 7.5 g/L, EAH T8 8.0 g/L, SRT-ELP36 %5 [1 Y 7~
1 8.13 8.13 4.00 0.30 Ak 0.32 g/Lo 7R E A A5 B R R h ifE 17 5E 5
2 8.13 4.00 4.00 0.29 B5iE, SRT-ELP36 £ [ (147~ &5 5(0.32+0.02) g/L, 5
3 4.00 4.00 8.13 022 PRI T — 25, S0E T AR G ] FE
4 2.59 6.06 6.06 0.19 PB 514 i f e 7 A F) 0.87 g/L, ifif CCDSE S
© e oo s s R R 0.32 L, 1425 S92 H 56 0 5 TP IR 5
C is as ene e Bl PIALSCH I HET, HORIL. BRI S5 2
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Yk Rt R S PR 3%, S e R R — 2, 2 )t A
B R el o A0, 5 S X PR 0 5 I LR A
’ 813 00 813 030 23 SOLABESEEABIZRWIE
o0 a0 a0 021 AN L S O A5 P S 20 g/LCT
o606 606 606 031 )8 ODoo>100 HYHE L. EAOR LI 0 R 7 4 3
12 606 606 606 0.29 filt, $E—2BAE 50 L & B Hh 5 A7 v 2 8 i TR R 6
13 6.06 6.06 6.06 0.30 TUE, X EZH 1S 56 20 >R FHAR ) 1900 s e e 3 3 35 . A
14 4.00 8.13 4.00 0.22 [) By 42 il 5 W, %o REAHL 1 650 /L 8] 2 B . 25%~
s 6.06 6.06 6.06 030 28%(Ji 2t 0 40 B9 K AT R ORI AR, SE 50 2H 78
6 6.06 6.06 6.06 029 T A AMREEY HE Al E 5 ek 4R ) 6.8 /L, R
" 606 606 606 030 7.5 g/L, EAKHFK T 8.0 /L. KW FE b RKIAAT 1)
s c06 606 606 0 #E %33 %% (Oxygen Uptake Rate, OUR) W& 6(a) i/,
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Table 6 Regression equation analysis of variance
Source Sum of square Mean square F-value P-value Significance
Model 0.027 2.960x10° 28.96 <0.0001 Significance
4 0.017 0.017 163.88 <0.0001 Significance
B 1.631x10°3 1.631x10° 15.95 0.0025 Significance
c 8.481x10™* 8.481x107 8.30 0.0164 Significance
AB 2.058x10™ 2.058x10°4 2.01 0.1864 Not significant
AC 2.060x10°* 2.060x10°* 2.02 0.1861 Not significant
BC 4.506x10* 4.506x10™ 441 0.0621 Not significant
Ve 5.607x107 5.607x10° 54.85 <0.0001 Significance
B 1.321x10°3 1.321x10° 12.93 0.0049 Significance
c 3.923x10°* 3.923x10°4 3.84 0.0786 Not significant
Residual 1.022x10° 1.022x1073 — — —
Lack of fit 5.330x10°* 1.066x10°* 1.09 0.4636 Not significant
Pure error 4.892x10 9.783x10°3 — — —
Corrected total 0.028 — — — —
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Optimization of the High-Level Expression Process of Recombinant
Protein SRT-ELP36 in Escherichia coli

MA Xiaolei, YIN Renkai, LI Bo, WANG Zgjian, QIAN Jiangchao
(State Key Laboratory of Bioreactor Engineering, School of Biotechnology, East China University of Science and
Technology, Shanghai 200237, China)

Abstract: The recombinant elastin-like/squid ring tooth protein SRT-ELP36 integrates the sequence advantages of
elastin-like polypeptides and squid ring tooth proteins, exhibiting superior breaking strength and toughness compared to
spider silk proteins, and holds great application potential in the field of biomaterials. In this study, Escherichia coli
BL21(DE3) was used as the expression host to improve the production of SRT-ELP36 through the optimization of
high-density fermentation process. Firstly, single-factor experiments were conducted to screen the nutritional
components affecting the expression of SRT-ELP36, and then Plackett-Burman (PB) experiment was used to identify
yeast extract, peptone and corn steep liquor powder as the key factors affecting fermentation yield. The weight of each
factor was clarified by principal component analysis: the key factors were yeast extract, tryptone and corn steep liquor
powder, the secondary key factors were betaine and proline, and the general factors were ammonium sulfate,
magnesium sulfate, glycine and potassium chloride. Furthermore, the central composite design (CCD) was utilized to
determine the optimal fed-batch medium formulation: 6.8 g/L yeast extract, 7.5 g/L tryptone and 8.0 g/L corn steep
liquor powder. Finally, the optimized process was verified in a 50 L bioreactor with the core regulation strategy of
optimized fed-batch medium combined with precise control of dissolved oxygen and residual sugar. The results showed
that the high-density culture of E. coli was achieved with ODg, reaching 100.2, and the volumetric production of SRT-
ELP36 reached 2.52 g/L, which was a 33.3% increase compared with that before optimization. SRT-ELP36 existed as
inclusion bodies in the bacterial precipitate, and a standardized SDS-PAGE semi-quantitative detection method was
established. This study clarified the key nutritional regulation factors and their weight relationship for the high-density
fermentation of SRT-ELP36, and established a scalable fed-batch fermentation process, which laid a technical
foundation for the industrial production of SRT-ELP36 recombinant protein.

Key words: Escherichia coli; recombinant protein; response surface methodology; process optimization; high-

density fermentation
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