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ABSTRACT. The human butyrylcholinesterase (BChE, EC 3.1.1.8) gene was highly expressed in Bombyx mori
using baculovirus vector, and the biochemical-pharmacological properties of its product were studied. BChE
cDNA was cloned into transfer vector pBn96 and co-transfected with wild-type Bombyx mori nucleopolyhedro-
virus (BmNPV) DNA into BmN cells. The recombinant virus with the highest enzyme activity was sorted out
and purified. Once the BmN cells or silkworm larvae had been infected with the recombinant virus, recombinant
human BChE (thBChE) could be secreted into the culture medium or the hemolymph of the larvae at levels of
1.5 mg - L™ " and 35 mg - L™, respectively. Western blot and enzymatic staining of the electrophoresis gel of
non-denatured protein showed that rhBChE manifested similar antigenicity and enzyme activity to native
human BChE (nhBChE). The production of thBChE in the hemolymph was 23-fold higher than that in BmN
cells and about 280-fold that in Chinese hamster overy cells (125 wg + L™"). This is the first report of human
BChE expression in silkworm with the highest level of yield so far. thBChE was highly similar to nhBChE in
respect to substrate affinity, inhibitor sensitivity, and reactivity of the inhibited enzyme. It is suggested that
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thBChE functions as well as nhBChE and has potential practical value. BIOCHEM PHARMACOL 60;1:121-126,

2000. © 2000 Elsevier Science Inc.
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Butyrylcholinesterase is distinguished from acetylcholines-
terase by substrate specificity and inhibitor sensitivity.
BChES is able to combine with organophosphorous nerve
agents and insecticides and to hydrolyze many ester-con-
taining drugs such as cocaine and succinylcholine [1, 2].
Therefore, BChE may serve as a natural scavenger for a
variety of drugs, poisons, and organophosphorous com-
pounds. It has been demonstrated that administration of
exogenous BChE can prevent mouse, rat, and monkey from
multiple lethal-dose organophosphate intoxication [3, 4]. A
sufficient amount of exogenous BChE, which maintains a
high level of BChE in the circulating blood, is also efficient
in therapy of dyspnea or apnea caused by succinylcholine, a
muscle relaxant in surgery. Considering the potential phar-
maceutical importance of BChE, attempts have been made
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to produce BChE in many expression systems such as
Escherichia coli, Xenopus laevis oocytes, and CHO mamma-
lian cells. However, thBChE exhibited little or low enzyme
activity and production [5-7]. It has been documented that
the newly established expression system in Bombyx mori
utilizing the strong promoter of the gene encoding the
polyhedron protein in the BmNPV could express high-yield
foreign proteins with biological activities comparable to
those of their native counterparts. In this study, nhBChE
cDNA was expressed in cultured cells of B. mori and
silkworm larvae using the baculovirus expression system.
The biochemical-pharmacological properties of the rh-
BChE were also studied.

MATERIALS AND METHODS
Materials

Restriction endonucleases, Klenow fragment of DNA poly-
merase, and T, DNA ligase were obtained from New
England Biolabs. The Digoxigenin DNA labelling and
detection kit was purchased from Boehringer Mannheim.
Insect cell culture medium TC-100 was from GIBCO BRL.
Rabbit antihuman serum BChE polyclonal antibodies were
from DAKQO Labs. Horseradish peroxidase-conjugated
sheep antirabbit IgG was from Sino-American Biotechnol-
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ogy Company. DTNB and reactivator HI-6 were synthe-
sized by the Department of Chemical Synthesis in our
Institute. Silkworm larvea, Su5X Su6 species, were ob-
tained from the Silkworm Institute, Chinese Academy of
Sciences. Plasmid pRc CMV-BChE was a gift from Dr. O.
Lockridge. The high efficiency transfer vector pBn96 was
constructed in our laboratory.

Cells and Viruses

Silkworm B. mori (BmN) cells provided by the National
Key Laboratory of Pharmaceutical Biotechnology were
cultured in TC-100 with 10% bovine serum. Wild-type
BmNPV DNA was isolated as previously reported from the
hemolymph of silkworm larvae that had been inoculated
with wild-type BmNPV [8].

Construction of Recombinant Baculovirus

The entire nhBChE cDNA signal and coding sequence (1.8
kb) was excised from plasmid pRc CMV-BChE by Bgl 11
digestion, filled in with Klenow fragment, and ligated at the
Sma [ site of the transfer vector pBn96. In the resulting
pBn96-BChE vector, nhBChE cDNA inserted in the same
direction of the Ph was identified by EcoRI + BamHI
digestion with 8.1-, 1.7-, and 1.3-kb fragments (Fig. 2, lane
2), whereas nhBChE cDNA inserted in the reverse direc-
tion exhibited 8.1-, 1.3-, and 0.1-kb fragments. The pBn96
vector which failed in insertion gave two fragment bands,
8.1 and 1.3 kb. We found only the clone of cis-inserted
hBChE cDNA. The resulting pBn96-BChE plasmid was
co-transfected (mediated by lipofectin) with wild-type Bm-
NPV DNA into BmN cells. The viral progeny were
screened for the presence of recombinant virus in which the
polyhedrin gene was inactivated by the insertion of nh-
BChE cDNA. The recombinant virus was identified by
dot-blot hybridization using a digoxigenin-labeled fragment
of BChE ¢cDNA as probe and checked for BChE activity.

BChE Assay

The enzyme in 0.1 mol + L™! sodium phosphate buffer
(PBS, pH 7.4) reacted with 1.5 mmol « L™! butyrylthio-
choline in a total volume of 200 wL at 37° for 30 min, then
50 wL of 0.08% (w/v) DTNB was added and the absorbance
at 414 nm was monitored. BChE activity and residual
activity after inhibition and reactivation were calculated
according to the calibration curve of cysteine reacting with
DTNB.

Time—Course of BChE Expression

The BmN cells were seeded into flasks and the recombinant
virus inoculum was added. The silkworm larvae were
infected with the purified recombinant virus by subcutane-
ous injection. The supernatant of the medium and the
hemolymph of the larvae containing the secreted hBChE

W-L. Wei et al.

were collected at various intervals and investigated for
enzyme activity.

SDS-PAGE and Western Blot

SDS-PAGE was performed under reducing and non-reduc-
ing conditions at 20 mA for 4 hr. The 1.5-mm-thick gel was
made up of 8% (w/v) separating gel and 5% (w/v) stacking
gel. Then, the gel was electrophoretically transferred onto
nitrocellulose membrane [8]. Immunoblot analysis was car-
ried out according to the protocol (Bio-Rad, Bulletin 1721,
Catalog No. 170-3980) using fat-free milk for blocking and
rabbit antihuman serum BChE polycolonal antibodies and
horseradish peroxidase-conjugated sheep antirabbit IgG
antibody as the detecting reagents.

Non-Denatured Polyacrylamide Electrophoresis

Non-denaturing gels (1.5-mm thick) were made up of 6%
(w/v) separating gel and 5% (w/v) stacking gel layers.
Electrophoresis was carried out in 25 mmol - L ™! Tris—250
mmol + L™! glycine buffer at 100 V for 6 hr. The gel was
developed in BChE activity-staining buffer as described [9].

Inhibition of hBChE Activity by Sarin

Aliquots of 20 pL of 1:1000 diluted nhBChE or 50 pL of
1:400 diluted hemolymph containing thBChE were reacted
with various concentrations of sarin diluted with 0.1 mol -
L' PBS (pH 7.4) in a total of 150 wL, incubated at 37° for
10 min, and then the residual BChE activity was deter-
mined. Inhibition rates were expressed as percentages of
activity added.

Reactivation of Sarin-Phosphonylated hBChE

Sarin-inhibited nhBChE or thBChE was reactivated by 0.1
mmol + L™! HI-6 in 0.1 mol - L™ PBS (pH 7.4) at 37° for
various lengths of time, then BChE activity was deter-
mined. Controls without reactivator and/or enzyme were
set synchronously. Reactivation rates were calculated ac-

cording to Child’s formula: [(EIR-EI)/(E-EI X 100%].

Inhibition of BChE by Rabbit Antihuman Serum BChE
Polyclonal Antibody

rthBChE 1:400 and nhBChE 1:1000 were mixed with
various concentrations of diluted rabbit antihuman serum
BChE polyclonal antibody against human serum BChE at
4° for 4 hr. Then, the residual BChE activity was assayed.

RESULTS
Construction of the Recombinant Baculovirus

BmNPV-BChE

The protocol for the construction of the pBn96 transfer
vector carrying hBChE cDNA is shown in Fig. 1. hBChE
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FIG. 1. Construction of recombinant transfer vector pPBn96 —-BChE. Details are given in Methods and Results. Amp*, ampicilin re-

sistance.

cDNA (1722 bp) bearing an 840-bp signal peptide se-
quence was excised from the plasmid pRc CMV-hBChE by
Bgl II digestion, blunted, and cloned into the Sma I site of
the pBn96 transfer vector. The recombinant plasmid
pBn96—-hBChE in which the hBChE gene was oriented
from the 5’ to the 3’ terminus, i.e. the same direction as the
promoter of the polyhedrin gene, was sorted out by check-
ing the 8.1-, 1.7-, and 1.3-kb segments of EcoRI + BamH 1
cutting on the restriction map (Fig. 2, lane 2). The
recombinant plasmid was co-transfected with wild-type
BmNPV DNA into BmN cells. The recombinant virus was
identified and purified. The viral progeny were screened for
the presence of recombinant virus in which the polyhedrin
gene was inactivated by the insertion of hBChE cDNA.
Eight positive recombinant viruses were screened. One of
the viruses with the highest biological activity (BmNPV—
BChE) was chosen for further study.

Expression of rhBChE in BmN Cells and
Silkworm Larvae

The BmN cells and silkworm larvae were infected with the
purified recombinant virus for expression of hBChE. rh-
BChE activity in the culture supernatant and hemolymph
was detected separately 24 hr after infection. A time—
course study showed that the activity of BChE reached its
maximum level at the fourth day postinfection (Fig. 3). The
highest activity of thBChE in the hemolymph was 24.7
units/mL, which is equivalent to 35 pg/mL, and signifi-
cantly higher than that secreted into the BmN cell culture

medium (1.1 units/mL). Generally, 0.7 mL of hemolymph
can be squeezed out from one silkworm larva. Thus, 25 mg
of thBChE could be harvested from 1000 larvae. The yield
of enzyme in vivo was 23-fold higher than that in BmN cells
ex vivo.
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FIG. 2. Identification of recombinant plasmid pBn96-BChE.
Lane 1: plasmid pBn96 digested with EcoR T + BamH 1 (8.1
and 1.3 kb). Lane 2: plasmid pBn96-BChE digested with EcoR
I + BamH I (8.1, 1.7, and 1.3 kb). Lane 3: DNA markers
(ADNA + EcoR 1 + Hind III).
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FIG. 3. Time-course of rhBChE expression in BmN cells and
silkworm larvae. After BmNPV-BChE recombinant virus in-
fection, the supernatant of cell culture media and the hemo-
lymph of the silkworm larvae were collected separately for
enzyme activity assay at 24-hr intervals. BmN cells: 10°
cells/mL, mean values (®) = SD, N = 3 independent experi-
ments in duplicate; silkworm larvae: mean values (A) = SD,
N = pooled hemolymph from five larvae in a typical experiment.

The protein bands were combined well with the anti-
BChE polyclonal antibody for immunoblot analysis (Fig. 4).
rhBChE showed two monomer bands with molecular
weights of 65 and 71 kDa under reducing conditions
according to the molecular weight migration map (Fig. 4,
lane 2), much smaller than that of the nhBChE monomer
(85 kDa). Glycoside cutting showed that the different
molecular weights were due to the difference in glycosyla-
tion between silkworm and human (Fig. 5). Glycosylation

1 2 3 4 M (kDa)
— 97.4
— 66.2
—  43.0

FIG. 4. Western blot analysis of thBChE produced by BmN
cells. Lane 1: control, the medium of BmN cells infected with
wild-type BmNPV. Lane 2: thBChE in the medium of cells
infected with BmNPV-BChE under reducing conditions. Lane
3: thBChE in the medium of cells infected with BmNPV-BChE
under non-reducing conditions. Lane 4: human serum cholines-
terase under non-reducing conditions. Lane 5: protein molecular
weight markers.
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FIG. 5. SDS-PAGE of rhBChE deglycosylated by N-glycosi-
dases F. SDS-PAGE (8% separating gel and 5% stacking gel)
was performed under reducing conditions. Lane 1: partially
purified thBChE without deglycosylation (71-kDa monomer).
Lane 2: partially purified rhBChE with N-glycosidases F (65-

kDa monomer). Lane 3: protein molecular weight markers.

does not appear to be required for BChE activity [5]. The
electrophoresis gel running under non-denatured condi-
tions was obviously stained for the BChE activity. All the
above-mentioned results imply that thBChE is efficiently
secreted into the hemolymph of silkworm larvae as well as
into the culture medium of BmN cells (Fig. 6). The
Lineweaver—Burk reciprocal plot showed that the K,, and
Ve values of thBChE were 0.185 mmol - L™ and 1.81
nmol + L' - min when butyrylthiocholine was used as
substrate, similar to those of nhBChE (0.181 mmol - L™!
and 1.86 nmol - L™! + min).

Inhibitor Sensitivity of hBChE

The inhibitor sensitivities of nhBChE and rhBChE to sarin
were quite similar (Fig. 7). About 90% of the activities of
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FIG. 6. Non-denaturing gel stained for BChE activity. Lane 1:
20 pL of 1:20 diluted larvae hemolymph infected with BmN-
PV-BChE. Lane 2: 20 pL of human serum cholinesterase. Lane
3: 20 pL of BmN cell supernatant infected with BmNPV-
BChE. Lane 4: 20 pL of 1:20 diluted larvae hemolymph
infected with wild-type BmNPV.



Expression of Human Butyrylcholinesterase Gene

100 .\
®

> 80
>

& 60}
w

5

o 40}
“6 .

c

2 20t
2

2

£ 0

6.0 6.5 7.0 7.5 8.0 8.5
Sarin/ —Ig moleL-1

FIG. 7. Sarin inhibition curve of BChE. rhBChE (®) and
nhBChE (A). N = 3 independent experiments in duplicate,
mean values * SD; —log denotes the negative logarithm of
molarity of sarin.

thBChE and nhBChE were inhibited by 100 nmol - L™ ! of
sarin with a plsy value of 8.2 and plyy value of 7.0.

Reactivation of Inhibited BChE by HI-6

Sarin-phosphonylated BChE was reactivated spontaneously
or by incubation with HI-6 in a time-dependent manner. The

reactivation rates of inhibited rhBChE and nhBChE in spon-
taneous and HI-6 reactivation were comparable (Table 1).

Inhibition of BChE by Rabbit Antihuman Serum BChE
Polyclonal Antibody

rhBChE and nhBChE were immunoreacted with the poly-
clonal antibody separately for 4 hr at 4°. It could be
observed that the enzyme activities decreased with the
increase in rabbit antihuman BChE IgG (Table 2). The
inhibition rates of thBChE fell pari psasu that of nhBChE.

DISCUSSION
hBChE c¢DNA encodes an enzyme polypeptide of 574

amino acids and a signal peptide of 28 amino acids. There
are nine N-glycosylation sites and eight cysteine residues

TABLE 1. Reactivation of sarin-inhibited BChE by HI-6

125

altogether. Six cysteine residues form three intrachain
disulfide loops (Cys 65-92, 252-263, and 400-519). Cys
571 forms an interchain disulfide bond with Cys 571 of an
identical subunit. The 574 amino acids in the subunit of
hBChE have a calculated molecular weight of 65,092. Fully
glycosylated hBChE gives a total weight of 85,534. The
tetramer is composed of four identical subunits assembling
as a dimer of dimers with a molecular weight of 342,136 [2].
The complexity of the hBChE structure made difficult the
high-level expression in Escherichia coli, oocytes of Xenopus
lavis, and the CHO system. The baculovirus expression
system has been proved to be a better system, and a number
of foreign proteins have been well expressed. Recombinant
proteins are soluble, with antigenicities, immunogenicities,
and functional properties similar to those of their native
counterparts. Baculovirus-infected insect cells perform
many of the posttranslational modifications most higher
eukaryotes do, which makes this expression system a valu-
able tool for production of biologically active proteins.
Maeda et al. first used BmNPV to express the human
a-interferon gene in B. mori cells and silkworm larvae [10].
The expression level in larvae hemolymph is very high (50
pg/mL). In this study, the novel high-efficient transfer
vector pBn96, constructed according to the recent research
on BmNPV gene regulation, was used in the expression of
hBChE. We found that nhBChE could be expressed suc-
cessfully in recombinant baculovirus-infected BmN cells
and silkworm larvae. The level of thBChE expression far
exceeded that produced in any other expression system. We
obtained as much as 35 mg/L of thBChE in hemolymph,
about 280-fold more than in CHO mammalian cells (125
pg/L). This is the first report of human BChE expression in
silkworm with the highest level of yield so far. The
expression can easily be amplified from cell culture to
large-scale production in silkworm larvae. Alongside the
perfectioning of techniques of artificial fodder and auto-
matic silkworm raising, it will be an economical way to
produce thBChE, especially in a country with a long-
standing history of silkworm raising such as China.

The results showed that thBChE was highly similar to
nhBChE in respect to substrate affinity, inhibitor sensitiv-
ity, and reactivation efficiency of the inhibited enzyme and

nmol BTCh hydrolyzed/30 min

% Reactivation

Reactivation

time/hr E EI EIR HI-6 Spontaneous
rhBChE

0.5 36.1 =03 1.1 0.1 5.7x03 13 1

2 36.1 =03 1.1 =0.1 242 03 66 1

4 36.1 =03 1.1 =0.1 30.5+0.4 84 2
nhBChE

0.5 339+0.2 1.2 +0.1 51+02 12 1

2 339 0.2 1.2 £0.1 22503 65 2

4 339=*0.2 1.2+ 0.1 29.3 £0.5 86 2

E: normal BChE activity; EI: inhibited BChE activity; EIR: inhibited BChE activity reactivated by HI-6; BTCh, butyrylthiocholine. Values are means *= SD, N = 3 independent

experiments in duplicate.
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TABLE 2. BChE activity inhibited by polyclonal antibody

W-L. Wei et al.

Dfilution Enzyme activity/nmol * min™" % Inhibition rate

o

antibody nhBChE rhBChE nhBChE rhBChE
1:100 1.12 £ 0.11 1.02 =0.10 7 10
1:50 1.01 =0.13 0.92 = 0.11 16 19
1:10 091 = 0.11 0.81 £ 0.11 24 28
1:5 0.88 = 0.12 0.76 = 0.12 217 34
1:1 0.72 = 0.11 0.64 = 0.10 40 43

nhBChE and thBChE control activities: butyrylthiocholine 1.20 = 0.10 and 1.13 + 0.11 nmol
in duplicate.

immunoreactivity with antihuman BChE antibodies. Al- 4.

though rhBChE functions as well as nhBChE, thBChE
glycosylated at a relatively lower level.
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