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Expression, purification, and enzyme activity determination of
recombinant wild-type and active site-deleted human ENO1
proteins in insect cell/baculovirus expression system
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Abstract: [Objective] To efficiently express and purify wild-type and three active site-deleted
variants (ENO1-M1, ENO1-M2, and ENO1-M3) of ENOI through the insect cell/baculovirus
expression system, thus providing a theoretical basis for subsequent functional research, antibody
development, and inhibitor screening. [Methods] Wild-type and active site-deleted genes of ENO1
with a C-terminal 6xHis tag were cloned into the pFastBac-HTB vector via molecular cloning and
then transformed into DH10Bac competent cells to obtain recombinant Bacmid through screening.
Recombinant baculovirus particles were transfected into ExpiSf9 insect cells to generate the PO
virus stock, which was then amplified to produce high-titer P1 virus for target protein expression.
Expression products were purified by affinity chromatography (e.g., nickel column) and identified
by SDS-PAGE, Coomassie Brilliant Blue staining, and Western blotting. The anti-ENOI1
monoclonal antibody, single-chain antibody, and chimeric antibody were used for specific detection
by Western blotting. On the basis of the conversion of 2-phosphoglycerate to phosphoenolpyruvate
(PEP) under the catalysis by ENOI, the specific activity of ENO1 was measured by UV
spectrophotometry at 240 nm. [Results] All recombinant plasmids and bacmids were successfully
constructed, and high-level expression of recombinant proteins was achieved in insect cells. High-
purity recombinant proteins were obtained, and Western blotting analysis confirmed their
reactivity. The deletion of active sites of the enzyme did not affect the immunoreactivity. The
specific activity of wild-type ENO1 was 691.28 U/mg, while those of the three deletion variants
were significantly reduced. ENO1-M2 (with deletion of GSHAGNK at residues 156 —162) and
ENO1-M3 (with deletion of SPDPSRYT at residues 262 —270) exhibited particularly pronounced
losses of enzyme activity.[Conclusion] We successfully expressed and purified both wild-type and
active site-deleted ENO1 proteins with retained reactivity by using the baculovirus expression
vector system. The results confirm that GSHAGNK and SPDPSRYT are two key active sites of this
enzyme, laying both theoretical and material foundations for further exploring the functions of
ENOI1 and developing its specific inhibitors.

Keywords: human ENOI1 protein; insect cell/baculovirus expression system; isolation and
purification; enzyme activity assay
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1 1335 bp
ENOI(FL) | |
1 105 132 1335 bp
ENOI-MI | ) O |
/ _______________
5. CCATCCGGTGCTAGTACCGGCATI-3
PSGASTGI (residue 36—43)
1 465 489 1335bp
ENOI-M2 | 0 |
'5.GGAAGTCACGCCGGAAACAAG-3'
GSHAGNK (residue 156-162)
1 783 813 1335bp
ENOI-M3 | — 1 [__ !

5. AGCCCCGACGATCCAAGCCGCTACATC-3'
SPDDPSRYI (residue 262—270)

Bl B4R AENOIFIES S AENO1-M1, ENO1-M2, ENO1-M3£E FF|E#REE

Figure 1
M2, ENO1-M3 gene sequence.
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Table 1 Primer sequences for vector construction

and related PCR

Primer names  Primer sequences (5'—3’)

pUC/M13 Forward:
CCCCAGTCACGACGTTGTAAAACG
Reverse:
AGGCGGATAACAATTTCACACAGG

ENOI Forward: CACCATCACCATCACGA

Reverse:
GGAGGTTTTTTAAAGCAAGTAAA

RiFegk, 37°C., 200 r/min 57 (A #E 14 h),
i 1 Omega BAC/PAC DNA Isolation Kit (Omega
ONENRICEAFRL, R A0 AR B
LRGBS T PCR §784 . PCR Rk %
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HAP= 1% B IEAEEE A LR, 2 b oS
HARRIEH BB A R FD P I, %5 IE

Schematic diagram of wild type human ENO1 and enzyme activity deletion human ENO1-M1, ENO1-

(1) T 21 W A= RUAT R 4 44 4 Bacmid-ENOL, A7
FARSE % . 2 MR Invitrogen PureLink™ HiPure
Plasmid Midiprep Kit (FEBK € /R BHE A ) i H
BRI RECE A AT R, E W E S T -20 °Cf#
17 o TRIE, SR FH AR R] 04 i i 4 2 4 I 0 de 2
KPR Bacmid-ENO1-M1 . Bacmid-ENO1-M2 Fl
Bacmid-ENO1-M3,
1.4 EAFERNEETHREAETRES
RIS

Kt ExpiSfo™ 4iMufl {155 25 1 4 Mo i 1k
(5-10)x10°MELIMY/mL, 7% /1290%, JH 12.5 pg
) 7R 20 5 A= BT RL DNA %5 4% ExpiSO™ 4 Jifd
YL 24 72, 96 h WESANMLTE F1 . HANAE TS
F1TFREZE 60-80% Y AL At 13 W ED A PO 1R
WREEIR, BT 4 CHOGIRAE . W, W& R
Yy ExpisfO™ AR Ry as X IR . SR AR R Y
T il 2 Tl i BRI B
1.5 EAFHERMEHRARBEERNE

B SR 3-5d, fili ExpiSfO™ 4 g %% FF ik

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



4264

WANG Dan et al. | Acta Microbiologica Sinica, 2026, 66(8)
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Figure 2 PCR identification of recombinant plasmid colonies. A: Colony PCR identification of wild-type

recombinant plasmid (Lane M: Nucleic acid marker; Lanes 1, 2: Colony PCR amplification of ENO1 gene

product); B: Colony PCR identification of enzyme deletion recombinant plasmid (Lane M: Nucleic acid marker;
Lane 1: Colony PCR amplification of ENO1-M1 gene product; Lane 2: Colony PCR amplification of ENO1-M2
gene product; Lane 3: Colony PCR amplification of ENO1-M3 gene product).
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Figure 3  Selection and identification of recombinant wild-type and enzyme-deleted rods. A: Screening results

e,

after transposition of recombinant wild-type plasmid pFastBac-HTB-His-ENOI1 (1: Results of the first screening
after transposition of recombinant wild-type plasmid; 2: Results of the second screening after transposition of
recombinant wild-type plasmid); B: Wild-type rBacmid-ENO1 PCR amplification validation results (Lane M:
Nnucleic acid marker; Lanes 1, 2: Red PCR amplification of ENO1 gene products); C: Recombinant enzyme live
deletion plasmid after transposition screening results (C1-C3: The results of the first screening after transposition
of recombinant enzyme deletion plasmids pFastBac-HTB-His-ENO1-M1, pFastBac-HTB-His-ENO1-M2 and
pFastBac-HTB-His-ENO1-M3; C4 - C6: Results of the second screening after transposition of recombinant
enzyme deletion plasmids pFastBac-HTB-His-ENO1-M1, pFastBac-HTB-His-ENO1-M2 and pFastBac-HTB-
His-ENO1-M3); D: PCR amplification results of enzyme activity deletion recombinant rod (Lane M: Nucleic
acid marker; Lane 1: ENO1-M1 gene product amplified by rod PCR; Lane 2: ENO1-M2 gene product amplified
by rod PCR; Lane 3: ENO1-M3 gene product amplified by rod PCR).
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SR AIMAETRE WL . AN S PLACERIRIEEE, LUAIR 7 i 01 A e
Y 135 60%-70% ISR AN e, R PLAKRIRASTE

1000 /min B0 5 min JTUCE S A AR L 24 BEAHERNMEERKIEEZEANR

Wo S8R ER, fE28°C, TH:. J CO, HEIE
ERERA TGS 96 h i, FEUvd S5 YL RTAH
ExpiSO™ oA L 30 T 0 B AE, 0TS

P4 actamicro@im.ac.cn, 7 010-64807516

i F R4 B AR R PL AR AT IR s TR R
ExpiSfO™ Zififd, 43%1F 48, 72, 96, 120 h J5



FFE A | BUEYEER, 2026, 66(8) 4267

El4 TR BIAEEE R BIARIAE 2R RO T LAFIE

Figure 4 Characteristics of cell changes after transfection of recombinant wild-type and enzyme-deleted rod-
like particles. A — D: Cell change characteristics after rBacmid-ENOI1 transfection (A: Cell state before
transfection; B: cell state 48 h after transfection; C: Cell state 72 h after transfection; D: Cell state 96 h after
transfection); E — H: Cell change characteristics after rBacmid-ENO1-M1 transfection (E: Cell state before
transfection; F: Cell state 48 h after transfection; G: Cell state 72 h after transfection; H: Cell state 96 h after
transfection); I — L: Cell change characteristics after rBacmid-ENO1-M2 transfection (I: Cell state before
transfection; J: Cell state 48 h after transfection; K: Cell state after rBacmid-ENO1-M2 transfection); M—P: Cell
characteristics after transfection (M: Cell status before transfection; N: Cell status 48 h after transfection; O: Cell
status 72 h after transfection; P: Cell status 96 h after transfection). The suspension of cultured cells was diluted
tenfold and observed under 20x microscope.
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30— e
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&5 FEFE R AENOIEHSDS-PAGE S #7145 R 5 Western blottings

Figure 5 SDS-PAGE analysis of recombinant wild-type human ENO1 protein and Western blotting. A: SDS-
PAGE analysis results of recombinant wild-type human ENOI1 protein (Lane 1: Negative control culture medium
supernatant; Lane 2: Negative control cell precipitate; Lane 3: Culture medium supernatant after infection for
48 h; Lane 4: Cell precipitate after infection for 48 h; Lane 5: Culture medium supernatant after infection for
72 h; Lane 6: Cell precipitate after infection for 72 h; Lane 7: Culture medium supernatant after infection for 96 h
Lane 8: Cell precipitate after infection for 96 h; Lane 9: Culture medium supernatant after infection for 120 h;
Lane 10: Cell precipitate after infection for 120 h; Lane M: Protein marker); B: Western blotting identification of
recombinant wild-type human ENOI1 protein (Lane M: Protein marker; Lane 1: Expressed recombinant wild-type
human ENOI1 protein).

kDa M 1 kDa M 2 kDa M 3
120 — 4 120 ' 120 —
=y 100 — 100 — 8
70 — e 70 — 70— -
i— e 00— @< s— '+49kDa
40— " 40— 40— W

30 — ™ 30— -
30— - 25 — .. 25— .-
25— .

i

Elo =REEERRLE AENOI-M1, ENO1-M2, ENO1-M3% HWestern blottings E

Figure 6 Western blotting identification of recombinant enzyme deletion human ENO1-M1 protein, ENO1-M2
protein and ENO1-M3 protein. Lane M: Protein marker; Lane 1: Expressed recombinant enzyme activity deletion
type human ENO1-M1 protein; Lane 2: Expressed recombinant enzyme activity deletion type human ENO1-M2

protein; Lane 3: Expressed recombinant enzyme activity deletion type human ENO1-M3 protein.

ik, 7E BIRSCEG S bk — A s e it ] (B BFTECA 96 he

7)o &RAN, 96 h WHIEALH AL, TAIEF 5 ¢ 4 B A AR SE S e R E Y4
/BRI ENOL S RIS ZE LT ; 96 h JF H e

WEA kR TEE. Wi, wiRTmen  CREE

RO E mA AN ENOL 25 H ) fefE e g R B 5 R 2 A 100 2 A o o 20 HRF A4 7R R i

P4 actamicro@im.ac.cn, & 010-64807516



ESF 2 | BUEYSAANR, 2026, 66(8)

4269

E7 AEIREEENEHFER AENOIEBR
;A
Figure 7  Effect of different infection time on
expression of recombinant wild-type human ENOI1

protein. Lane 1: Negative control medium
supernatant; Lane 2: Medium supernatant after
infection; Lane 3: Medium supernatant 72 h after
infection; Lane 4: Medium supernatant 96 h after
infection; Lane 5: Medium supernatant 120 h after

infection; Lane M: Protein marker.
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Figure 8 SDS-PAGE analysis results (A—D) and Western blotting (E) identification of purified recombinant
wild-type human ENOI1 protein, recombinant enzyme active deletion human ENO1-M1 protein, ENO1-M2
protein and ENO1-M3 protein. A: SDS-PAGE analysis results of purified recombinant wild-type human ENO1
protein (Lane 1: Supernatant of negative control medium; Lane 2: Supernatant of medium after 96 h of infection;
Lanes 3-7: Flow-through solution; Lanes 8, 9: 10 mmol/L imidazole washing solution; Lanes 10-16: 500 mmol/L
imidazole eluent; Lane M: protein marker); B: SDS-PAGE analysis results of purified recombinant enzyme
deletion human ENO1-M1 protein (Lane 1: Negative control medium supernatant; Lane 2: Medium supernatant
after 96 h infection; Lanes 3—7: Flow-through solution; Lane 8: 10 mmol/L imidazole washing solution; Lane 9-
13: 500 mmol/L imidazole eluent; Lane M: Protein marker); C: SDS-PAGE analysis results of purified
recombinant enzyme deletion human ENO1-M2 protein (Lane 1: Negative control medium supernatant; Lane 2:
Medium supernatant after 96 h infection; Lane 3 —7: Flow-through solution; Lane 8: 10 mmol/L imidazole
washing solution; Lane 9—-13: 500 mmol/L imidazole eluent; Lane M: Protein marker); D: SDS-PAGE analysis
results of purified recombinant enzyme deletion type human ENO1-M3 protein (Lane 1: Negative control culture
medium supernatant; Lane 2: Culture medium supernatant after 96 h of infection; Lane 3 —7: Flow-through
solution; Lane 8: 10 mmol/L imidazole washing solution; Lane 9—-13: 500 mmol/L imidazole eluent; Lane M:
Protein marker); E: Western blotting identification of purified recombinant wild-type human ENOI protein,
recombinant enzyme active-deleted human ENO1-M1 protein, ENO1-M2 protein and ENO1-M3 protein (Lane 1:
Purified recombinant wild-type human ENOI1 protein; Lane 2: Purified recombinant enzyme active-deleted
human ENOI1-MI1 protein; Lane 3: Purified recombinant enzyme active-deleted human ENO1-M2 protein; Lane
4: Purified recombinant enzyme active-deleted human ENO1-M3 protein; Lane M: Protein marker.
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Figure 9 Western blotting specificity detection of purified recombinant wild-type and enzyme deletion human
ENOI1 protein. A: Western blotting specificity detection of purified recombinant wild-type human ENOI protein
(Lane 1: Reaction band of purified recombinant wild-type human ENO1 protein with ENO1 mAb; Lane 2:
Reaction band of purified recombinant wild-type human ENOI protein with anti-ENO1 scFv; Lane 3: Reaction
band of purified recombinant wild-type human ENOI1 protein with ENO1-ximab; B — D: Western blotting
specificity detection of purified recombinant enzyme activity deletion type human ENO1-M1, ENO1-M2, ENO1-
M3 protein (In B, Lane 1: Reaction band of purified recombinant enzyme deletion type human ENO1-M1 protein
with ENOI mAb; Lane 2: Purified recombinant enzyme activity deletion type human ENO1-M1 protein and anti-
ENOL1 scFv reaction band; Lane 3: Purified recombinant enzyme activity deletion type human ENO1-M1 protein
and ENO1 ximab reaction band. In C, Lane 1: Purified recombinant enzyme activity deletion type human ENO1-
M2 protein and ENO1 mAb reaction band; Lane 2: After purification, recombinant enzyme active-deleted human
ENO1-M2 protein reacts with anti-ENO1 scFv; Lane 3: Purified recombinant enzyme active-deleted human
ENO1-M2 protein reacts with ENOI1 ximab. In D, Lane 1: Purified recombinant enzyme active-deleted human
ENO1-M3 protein reacts with ENO1 mAb; Lane 2: Purified recombinant enzyme activity deletion type human
ENO1-M3 protein and anti-ENO1 scFv reaction band; Lane 3: Purified recombinant enzyme activity deletion

type human ENO1-M3 protein and ENO1 ximab reaction band; Lane M: Protein marker).
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Figure 10

Detection of enzyme activity of
recombinant wild type and enzyme activity deletion
human ENOI1 protein. »=3; ns: P>0.05; * P<0.05.
(D : Wild-type human ENOI protein; @ : Enzyme-
deficient human ENO1-M1 protein; 3 : Enzyme-
deficient human ENOI-M2 protein; @ : Enzyme-
deficient human ENO1-M3 protein.
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