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Abstract: Endotoxins are common exogenous pyrogens. Excessive endotoxins in medical devices
and injections can lead to serious consequences such as sepsis, septic shock, and even death.
Therefore, endotoxin detection plays a crucial role in medical, pharmaceutical, and food sectors.
The wide application of Limulus amebocyte lysate (LAL) has led to a sharp decline in the number
of horseshoe crabs. Moreover, the LAL assay has limitations such as interbatch variations and
difficulty in quantification. The recombinant factor C (rFC) assay is stable between batches, highly
sensitive, and capable of quantitation, and thus it can be used as an alternative for the LAL assay.
However, the high cost and complex procedures involved in producing recombinant factor C have
limited the widespread application of this method. In order to simplify the preparation and reduce
the production cost of recombinant factor C, this study focuses on the production of recombinant
factor C based on the baculovirus expression system. Multiple measures such as a high-yield and
anti-apoptotic vector qBac-IIIG, the optimal signal peptide, and the optimized codon were used to
reach the goal of endotoxin detection with cell supernatant. This method simplifies the steps of
protein purification. The sensitivity of the supernatant reached 0.05 EU/mL in a 1-L fermentation
system, and 500 000 detecting reactions can be supported per liter of fermentation broth. This study
increases the yield and activity of recombinant factor C, simplifies the procedures of protein
purification, and reduces the cost, laying a foundation for the promotion and application of
recombinant factor C in endotoxin detection.

Keywords: endotoxin detection; recombinant factor C; baculovirus expression system; Tachypleus
tridentatus
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SRR R S SN, BN R IAE £ e T,
PR, R R RN AE BT ) 2 F0 R A G
(P SE

NEER BRI 7 v R A KRk . &
I H (Limulus amebocyte lysate, LAL)K: ML FI
2] C [HF(recombinant factor C, rFC)ll ik .
AT I PR R . AR 22 S A e
S JE PR BRI T IR A, 20 2D 60 AEAR,
W5 A GRS & bk DR BN R Gk
A BERERING: , KT &I 1977 4,
% E & 525 o B4 B R (Food and Drug
Administration, FDAL#E T3 F LAL f N &
o T v, SR A R A I AT A A — R )
RRAE,  an s I A Sy R i R AR R 2 A ik ik
(] 22 5, B-1,3-%) SRME 25 TP 8 2% 2 1 s sl 4 o
2N R RE O AR 254 M R
HOR JEHMES) T N BRI TG K, 2l B R AR
SRR SR TR, PREMREEE T
2021 AN N E R A s, IR kK
FRI 2 RO BRAAE L

C Al i O S 2R 1 SN B
REGHF, 2NEEREEN C HTFhREE S
W A A SOBE - DA 7 A 5 TN B 2 Wk B2 L 49
B2 EAE, HkE4 C HFRadikmT DL
RO PR 5 2R, AR 2 1 ) 2 3 A v 1
RETEMH C WFryWee Rk BEa UM
o RE MO (D RO S B ) | EE A PR
(FRIERXWEAMGER . #kEE™), e
GRS YOUETT RN ER & &) et
TCh IR o). SR C A4 A
JEEAT, BRMHS L ESwWRNE RIS
YRR L T L ek 5 e B 56 DX TR S5 A R ok
fip 2 C Rk kRN EE, JFktn]
B AR g N N B R R L R

AR FIRI R IR R G R EH C
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7, i LA BE R IR B | DI [
S IRFI A 8 TS SR, R RGR IR A R IR T
PERYEZ C 1. i BIGFREE R R C
To T, B X TEAMSDEE, BIERTIAN
TER AL, R fT A A 7™ T AT A A 7™ B
A, AMREEMMATL C FHFMRE, ik
RTINS, G2 M AAT IR T, DR N B A
WG Btes, BT RS2 A Tl i R R

1 #HRE5r=E

1.1 R
111 &k EPRAZ A

ki pQB3a, pQB4t FIFIRHGHE K ik E A
qBac-1. qBac-lIIG 14 FH Bk PG F-AL A4 YR A BR
Al FEHL ST Sf9 AN AR AR S % AR AT
KIHFE Machl-T1 s AR A LA
WHEARARA A
.12 FZEXFH

ARSI PCR 51H1(3 DM ALRTEERE
PR A AT BRA F G o i DA H i T 46 20 i
YR A BRA Fl A . 2xPhanta Flash Master
Mix #l1 ClonExpress Ultra One Step Cloning Kit
W) e A R A IR B AT BR S ] o Rl
PN VI Xba 1, Bgl 11, BspE 1 Fll Nco 1 ¥ H
A FARACE) AR H] . SanPrep A2
kL DNA /Nl #3875 & A1 SanPrep A3
DNA fisg [N G A AR T AR TR ()i
AR/l . Anti His-Tag Mouse Monoclonal
Antibody F1 Goat Anti-Mouse I1gG, HRP Conjugated
W B R 28 A R A R B . FuGENE HD
W e asCon ) B 0 2 M (AL ) AR T R AT R
Ao B HUANMEE IR 1B90S W H Wivl s ARl
WEARATRA A .
113 FEMEF

PCR #% R4 #4{% (Bio-Rad /A 7], T100 Thermal
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Cycler), K727 .0 PL(Eppendorf 22 F]), 4f
PR3 SR A0 (R 2 SE B i A A IR ), B L4
PR35 FRA (E RS 2 LR R A R A T, BRIR
(SUKUN, SKY-100C), >} B AL miN—
YR RA D, 2% &8 (Tanon),
fif bR 1% (Molecular Devices).
1.2 A&
1.2.1 HMEEHFR

PAH 4% (Tachypleus tridentatus) C K ¥
5](GenBank %35 D90271)y W& FEFH], &
For o & B A YR BRA R R G . DA
BB OB, RIS A A pQB3a %
Pl 5 1 L9519 pQB3a-rFC-His-F I T i
5% pQB3a-rFC-His-R, i#id PCR ¥ 187554
[l JERE Y rFC Bt PCR =W 1% Bl b
JE L VARSI, D [l A e B o et P B A

WY BspE 1 1 Neo 1 XUV kL pQB3a, [iff
YIr=w il e e Ak 20k . bl Bl iy PCR
FE ML IR R AL, EAYREE
KIAFFEH Machl-T1 JERZ IR FELR,
BEAL PR R TR V%, 51 %) ORF603-Seq Al
rFC-TR #£47 PCR %5 . PCR %7 BH: A9 7 /)N
MR TR, Foknk B EUERVE YR A
BRLON wIE— 250 RN, DU TE A A R iy 44 4
pQB3a-rFC-His.

Fib 15 5 JIk i Bl pQB3a-Fib-F Fl1 pQB3a-
Fib-R2 51#LL pQB3a-Fib-R1 itz PCR #/ 1%
PA o GP64 55 Ik Ber 1526 3R W) |, PCR 5l
#1535} pQB3a-GP64-F F pQB3a-GP64-R2,
KMz A pQB3a-GP64-R1., PCR P*¥IH 1%3if%
BEGE I Dk A, DI I B i B FHBR
YEN VI Xba 1 F1 Bgl 11 % Jii ki pQB3a-rFC-His

1431
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Table 1

Primers used in this study

Primer name

Primer sequence (5'—3")

pQB3a-rFC-His-F
pQB3a-rFC-His-R
ORF603-Seq
rFC-TR
pQB3a-Fib-F
pQB3a-Fib-R1
pQB3a-Fib-R2
pQB3a-GP64-F
pQB3a-GP64-R1
pQB3a-GP64-R2
rFC-F

rFC-R

optDL-F

optDL-R

4t-F

4t-R
QPCR-gp41-F
QPCR-gp41-R

AAACCTATAAATATCTAGATAAAAAACCGCCACCATGGTCTTAGCGTCGTTTTTGGTGT
ATGGTGATGGTGATGGTGGTGTCCGGAAATGAACTGCCTAATCCAT
TGTCTGCGAGCAGTTGTTTG

GTTGAACACATAGCCTGG
AAACCTATAAATATCTAGATAAAAAACCGCCACCATGGTCTTAGCGTCGTTTTTGGTGT
GTATAAGCGACATACTGCAGAGCGCAGCACAAGATCACAAAGGTTTTGACTCTCATGGT
TCGTTTCATCACACAAGCCCAGATCTACTCCTCTTGCATTTGTATAAGCGACATACTGC
AATAAAAAAACCTATAAATATCTAGATAAAAAACCGCCACCATGGTAAGCGCTATTGT
AGGCAGAATGCGCCGCCGCCGCCAAAAGCACATATAAAACAATAGCGCTTACCATGGT
TCGTTTCATCACACAAGCCCAGATCTACTCCTCTCGCAAAGGCAGAATGCGCCGCCGC
CTAAAAAACCGCCACCATGGTCTTAGCGTCGTTTTTG
GTGGTGTCCGGAGAATTCAAATGAACTGCCTAATCC
CTAAAAAACCGCCACCATGGTGCTGGCTAGCTTCC
GTGGTGTCCGGAGAATTCAAATGAACTGTCTGATCCAAG

GAATTCTCCGGACACCAC

CCATGGTGGCGGTTTTTTAG

CGTAGTGGTAGTAATCGCCGC

AGTCGAGTCGCGTCGCTTT

&: 010-64807509
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PEATHEEY), BEY) VIR RIS ek A ak Ak . B
J& 5 A S IR A% e 5 R R S 4 L $5 4k PCR
YE | ORCARIBCRI o 0 IR A SOk 44 Sk
pQB3a-SPri,-rFC-His Fl1 pQB3a-SPgpes-rFC-His

Pl pQB3a-rFC-His M1tk , tFC-F 1 rFC-R
J9 FRHES1Y, it PCR ¥ 1758 »FC R B
PL& L rFC-opt 1 rEC-optDL A #i#y , rEC-F .
rFC-R F1 optDL-F ., optDL-R & " FiF519), i
it PCR ¥ 13 2% % F L1k iy FC R B
rFC-opt 1 tFC-optDL. #AALL pQB4t AR,
4t-F Fl 4t-R H5¥3E47 PCR 734, PCR /=9
F 1% SEBEWEBEE A vkcRr I, D0 [mlilie 5 1 Fr
Bro BfJE AT . FEfk . PCR %@ . i
KB BRI R L W OE 0 5Ok Ay 4 R
pQB4t-rFC ., pQB4t-rFCopt #1 pQB4t-rFCoptDL.
1.2.2 BREHTRFS

¥ SO AL AT 60%0 % B 3551 A
12 fL#R. 1.5 mL E.0E A 50 pL JoHK .
150 ng F 4 iR Al 5 ng qBac-1 8¢ qBac-111G. %5
—BEOEPIMA 50 pL TEKM 3 pL #E YL,
Mo WA G, KRR Y A & DNA 1)
BOET, WAEGHE 20 min, BEEINAGH
Y P AR R AR . 28 °CHEFR 4-6 d, 4fifiE
A W AR S A A s 77 I, 1531 Po X
ARG
1.2.3 ERFRRESIEESHEERN

¥ SO MMLULE A 70%09 % B 35 514 A
12 fLAR . DAY $(multiplicity of infection,
MOID)N 0.05 AR5 YL 4 i, 28 °CHE3%
4-5 d, diHE A I R A IS W AN i s 3R BYE
W, 5E P1AREAFRER . PLARELAIFPR
o 25 1L 0 B 79 B HEAE i (4% 10° PFU/mL) L)
10 fERREERRE R 10%. LARG RS B9 B A AR
HATEH E i PCR &, 20 pL SERF@E i PCR
A% .0.4 uL _E3i751%) QPCR-gp41-F (10 umol/L),

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

0.4 uL F#51% QPCR-gp41-R (10 umol/L),
5 uL JH#, 10 uL 2xSYBR qPCR Mix, 4.2 uL
Ko RNAFRF: 95 °CHUEM: 30 s; 95 °CAEM:
10 s, 60 °CiR K 5HEH 30 s, 40 MEIHF; KfiE
HhZE 95 °C 15s, 60 °C 60s, 95°C 15s. %&Hi
TR BE T Am WA b 5 BE 1R X B R AR A, X6 I 1)
CoAE R HAEFR ,  H bR ol 2330 0 X g 1) B4k
TR, BRI EN CEMRAT RS, RIATit
S P AR AR B 0908 5500 B
1.2.4 FRARIEFEN

Ut B 240 P 2 11 A RS9 AR LA &
90% % FE A A18H A 12 LK, DL MOI=5 Hyig
R RN, 28 °CHEFE 4-5 d. BIFAIME
R R R BRI 1 L 40k, 40
SR 1x10°, R FERERE SR E S 100 r/min,
TEVRL 1 B R 28 °C, % (dissolved oxygen, DO)
BWE R 60%, JREHE 1:100 FIREUNA K B
o, BE9E 3 d.

WA A S SR BV PBS R A A,
3 5IHC 80 uL #E 55 20 uL 5xSDS & FFEZE
MR G o FEMTESJE I 100 °CHIF 10 min
JE TR AR IBAI . 4 SDS-PAGE i H] 5
il 5 8% /T B A 4% M AR, AL G
L4 80 V 30 min Ji7 100 V 90 min [ 25 HL Ik .
i T TR BREASGHA TR B, LA 60 mA fH Jii %% 5
75 min, HFH BEE S R £F 4k & (polyvinylidene
fluoride, PVDF)[ER T 5% M B As Uk, K-F
PERZE B 2 ho TBST ¥EJa A —Pi(Anti
His-Tag Mouse Monoclonal Antibody), 4 °CH; &
1% . TBST )5 A —#i(Goat Anti-Mouse
IgG, HRP Conjugated), KFFEIRZEIRIFE 2 ho
TBST )5 A W, PVDF BE F1b2g kot
BUGA RS, IR 13RIk .
1.2.5 E4H C BEFiEME

JH 2 mL JCN 8 R KI# 10 EU NEER PR ifE
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ah, F3%] 5 EU/mL MATEERIRER R R 9 %%_5 é}»jﬁ-

MR 10 566 R RS54 0.5, 0.05. 0.005 EU/mL \ e ;

to R, RN SRR 21 TPRRERE R TR
FLIIA 100 uL Py Shm i, e TFC RIZBHIZM

BOAETLL S IMASORRER . gy 211 EHRBRNSEEFREERG

1 IFC MW, B4R A0 4 2 b Hfk pQB3a it UGN YINE BspE 1 A
B EEAR A . AR BRI 37 °C, Mk Neo 1 BVIE 4 R4l , YT BNSCIR 15 41k J5 1y
WK 380 nm, BHIIEK 440 nm, EECO R g% RPEMEIA. PCRYTHAN rFC S B, T PCR
.37 °CHEE 1 hJSFVGESREne, L1 S e MR R A R AN 1A PR . R FEAL R
ROBCHIR S 0 h $L(, 25(HICH ARFU (relative o0 — B0y 00, 5 B o 3 20 o
fluorescence unit), pQB3a-rFC-His 41 1E# .

C qBac-I qBac-IlIG

kDa M S P S+P S P S+P
———-—-——,——-<

95 — =

70 — =

55 — -

43 — w— - —— . —
33 —

25 —

10— -

vAcBaclllG/pQB3a-rFC-His  vAcBaclllG/pQB3a-rFC

5 dpt

50 pm

50 pm

El1 MRBEREHAE hFCRIEENFN A TAFTRAE ., M: DNAmarker; JKIiH 1: 24 pQB3a
WEET]; VkiE 2: 7FCPCR F7“H); VkiE 3-6: pQB3a-rFC-His F74 PCR %5 ; K 7: pQB3a-rFC-His H4H i
ki, B: HZAFPRAGEEMIHIS . dpt: BUUSREG dpi: SRS REL C: (FCHEAKRRGM, S: FiF; P: UL
TE. EIhFER AR IALE S BARE AL S, REFTEN IFC 2K, IKEFTN rFC 5.

Figure 1 Effect of baculovirus expression vector on rFC expression. A: Identification of recombinant
expression vector pQB3a-rFC-His. M: DNA marker; Lane 1: BspE I and Nco 1 double digestion of pQB3a;
Lane 2: PCR product of »FC; Lane 3-6: Identification of pQB3a-rFC-His by colony-PCR; Lane 7:
Recombinant plasmid pQB3a-rFC-His. B: Preparation of recombinant baculovirus vAcBacl/tfFC and

vAcBacllIG/tFC. dpt: Days post transfection; dpi: Days post infection. C: Western blotting analysis of rFC
expression. S: Supernatant; P: Pellet. The black arrow is the full length of rFC and the gray arrow is the light chain.

&: 010-64807509 M: cjb@im.ac.cn
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2 ik pQB3a-rFC-His 43911 5 qBac-1 il
qBac-11IG H£H5 YL SO A, 1E SO AL N AU
2 ) & A AR B vAcBacl/rFC-His 1
vAcBacllIG/rFC-His, %54 5 d J& 40 i 225 15 O
WK 1B PR iR AR R, o As K.
W ZH A B Xt o] W qBac-IIIG  HoA HH & P 7
TR . qBac-1IIG AR B4 - &G 600 E
F(green flucrescence protein, GFP)R:[A, [t
Al DAFE 2 AR T il 1 GFP 2 6 L8 I 57 J%
YuIE I o R ARASHR B S ) P1ARE AR
AT a2, 1 Po ARE ARG EE vAcBacl/
rFC-His fil vAcBacllIG/rFC-His J&%% Sf9 4y,
JEGL 5 d 5 AR AR LA Bl 1B TR o SRR
& PCR faill P1 AEAF R E: vAcBacl/
rFC-His fl vAcBacllIG/rFC-His F) 975 5 i &£ 43 51
7 2.4x10® PFU/mL 1 3.0x10® PFU/mL.

2.1.2 EBFREEN

P1 REHF IR FE vAcBacl/rFC-His A
vAcBacllIG/rFC-His LA MOI=5 J&#t S/9 4ijig, 5 d
Je WSO 200 B 5 57 b R R A A L A 43
2 MAMFIAE N (FC RYEE IR IA & . Western
blotting Z5 R A 0L, FZTAH 2 HFEFMH &
(Bl 1C), B4 C LI (123 kDa)FIAUGE
(80 kDa Ry B 43 kDa f5R4% )% 2 FIE X AE
FENT HEW 2 S5 4 AR AL C TR EE
HpEE 2K IEA . Western blotting 2% I K,
vAcBacllIG/ rFC-His ZH A9 433 FAE P F i
tFC B9 1 #8234 5 T vAcBacl/rFC-His 4
FC M ARE T, ULIFFRN R R EARD
PR TR AT LR FC W ARk R Bt
Z AN, 5 BB 20 S A e R A s R R T
Refi 5 5 F3s Ty FC, A IS fFC TRy
TETERU , T qBac-1IG AR 1 R IR A B A
LA TR DY) S A FC M 3RA

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

2.2 AEMESER rFC 733 E B2 0
221 AEESHWEHLARMNES EHFRK
RENHE

PCR ¥ 3315 Fib {55 K7 Bt SPrb (139 bp)
H1 GP64 {555 K B SPapes (135 bp). ZRPEALEL
& pQB3a-rFC-His 5155 Ik b B il 1 [m] 5 5 41
ATk pQB3a-SPri-rFC-His il pQB3a-SPgpes-
rFC-His. PCR ¥ #4055 K B . 7% PCR
Y B FUFORAM IR ZE AR 2A FioR . X e 4L
Wit — 0P e, 250 BN S AL Tk pQB3a-
SPri,-rFC-His il pQB3a-SPgpes-rFC-His 751 1EM

4 ik pQB3a-rFC-His, pQB3a-SPip-rFC-
His il pQB3a-SPgpes-rFC-His 43715 qBac-111G
LHE YL SO AL, 75 SfO 4 M P [W) U5 55 41 ) 4%
HAFIRIEE vAcBacllIG/rFC-His, vAcBacllIG/
SPrip-rFC-His 1 vAcBacllIG/SPgpss-rFC-His,
A PO A EE AR BB e S0 An il gk Pl AR
HEAFRPI . MR BERN P1 CEAFT
MR HE vAcBaclllG/rFC-His. vAcBacllIG/SPr;p-
rFC-His 1 vAcBacllIG/SPgpes-rFC-His %5 75 i
FE 435 3.9x108 PEU/mL ., 2.1x10° PFU/mL #il
2.5x10® PFU/mL,
222 AEESHMHMENR C BFEARIE
¥

P1 fCEAFIRE B vAcBacllIG/rFC-His
vAcBacllIG/SPri,-rFC-His #1 vAcBacllIG/SPgpes-
rFC-His P MOI=5 &% Sf9 Zid, J8&4e 5 d 5k
£ S DR S e S i = ST oAl s U
N rFC M F A5, Western blotting 25 g
/N, tFC JEAME SRR IR = T GP64
Fib {55k, 490 GP64 {55 JIKiY 1.2 f%. Fib
KA 1.5 £5(F 2B). ILAh, JoiE M rFC
B I AR A5 5 IO S IR B R Tk R e bl Y
GP64 Fll Fib {5 5 ik, ¥WH K Z 1FC I KEES
W A RS R N -
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A B tFC Fib  GP64
M 1 2 3 M 4567 M 8 9 kDa M S P S P S P
bp = - -4
% —
50 —
30 55—;
0 43 - ————
{ 53
2 25 —
1
10 — dils

2 ESHAX rFC i EMEN A HAFAMKE. M: DNA marker; JKif 1: Fib {55 ik
PCR j7¥); Vkif 2: GP64 {55 ik PCR j”¥J; Vki& 3: #{k pQB3a-rFC-His WEY]; JKiE 4-7:
pQB3a-SPFib-rFC-His 1 pQB3a-SPGP64-rFC-His MR ¥ PCR %7 ; JKi 8-9: pQB3a-SPFib-rFC-His
1 pQB3a-SPGP64-rFC-His T4 ik, B: rFC LXK . S: FiF; P Vi, EIPEkIrE =M
LB N HAARE AR RO E, BOHRN rFC 2K, KEOHKN rFC i,

Figure 2  Effect of baculovirus expression vector on rFC expression. A: Identification of recombinant expression
vector pQB3a-SPrip-rFC-His and pQB3a-SPgpss-rFC-His. M: DNA Marker; Lane 1: PCR product of Fib; Lane 2:
PCR product of GP64; Lane 3: Xba I and Bgl/ II double digestion of pQB3a-rFC-His; Lane 4-7: Identification of

pQB3a-SPri,-rtFC-His and pQB3a-SPgpes-tFC-His by colony-PCR; Lane 8-9: Recombinant plasmid
pQB3a-SPri,-rFC-His and pQB3a-SPgpss-rFC-His. B: Western blottting analysis of rFC expression. S:

Supernatant; P: Pellet. The black arrow is the full length of rFC and the gray arrow is the light chain.
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Figure 3 Recombinant factor C activity assay. A: rFC activity detection of different codons. B: rFC activity
detection of DIFFERENT dosages. C: Sensitivity detection of rFC in fermentation broth. D: Standard curve
of endotoxin detection. E: rFC activity detection after frozen for 6 months.
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