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Abstract

Scorpion long-chain insect selective neurotoxin AalT has the potential to be used against agricultural insect pests. However,
there is still a lack of a heterologous gene expression system that can express AalT efficiently. Here, using X33 as the host
strain and pPICZaA as the expression vector, one transformant had the highest expression of recombinant AalT (rAalT) was
obtained, and secreted as high as 240 mg/l rAalT in fed-batch fermentation. Secretory rAalT was purified by Ni**-nitriloacetic
affinity and CM chromatography, and 8 mg of high purity rAalT were purified from 200 ml fed-batch fermentation cultures.
Injecting silkworm (Bombyx mori Linnaeus) and Galleria mellonella larvae with rAalT resulted in obvious neurotoxin symp-
toms and led to death. These results demonstrate that a large amount of anti-insect active rAalT could be prepared efficiently.
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Introduction

The extensive use of synthetic pesticides to kill pests will
also kill insect-eating birds, which provide many ecosys-
tem benefits, thereby impairing ecosystem function (Zhong
et al. 2016; Chaudhary et al. 2017). This problem has gener-
ated widespread concern; thus, it is desirable to search for
natural, green insecticidal substances from animals, plants,
and microorganisms (Michiels et al. 2010; Kawachi et al.
2013; Olombrada et al. 2017). Insectivorous animals are
an important source of these insect specific toxins. Among
insect toxins, many low-molecular-weight proteins that act
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on the insect nervous system have the most practical value
because of their high toxicity and specificity. Scorpions
often use poison to capture their prey, often via neurotoxins
that are highly toxic to insects. Scorpion venom comprises
low-molecular-weight proteins with highly selective activi-
ties against the insect nervous system (Pelhate et al. 1998;
Zlotkin et al. 2000; Gurevitz et al. 2007). These highly effi-
cient neurotoxins, known as anti-insect toxins, include excit-
atory toxins and depressant toxins. Scorpion neurotoxins,
which have high affinities for sodium channel, are composed
of 60-70 amino acids with several pairs of cross-linked
disulfide bonds (Zlotkin et al. 1991, 1993). As the first puri-
fied insect-selective excitatory and a depressant insect toxin,
AalT, a 70-amino-acid neurotoxin, was isolated from the
venom of the Androctonus australis Hector scorpion (Zlot-
kin et al. 1971). Because of its strict selectivity and high bio-
activity, AalT has great potential value as a biological pes-
ticide (Regev et al. 2006; Pava-Ripol et al. 2008; Liu et al.
2016; Nalcacioglu et al. 2016). Previously, AalT was used to
enhance the insecticidal activity of entomopathogenic fungi,
for example, AalT improved the activity of microbial insec-
ticides from Metarhizium acridum against locusts (Locusta
migratoria manilensis) (Wang and Leger 2006; Pava-Ripol
et al. 2008). However, a lack of purified active recombinant
AalT (rAalT) is still the major obstacle preventing analyses
of its insecticidal activity against agricultural pests.
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Both prokaryotic and eukaryotic systems are used com-
monly for heterologous protein expression, and these sys-
tems have their own advantages and disadvantages (Forst-
ner et al. 2007; Valero 2012). Although many heterologous
expression systems have successfully reported the expres-
sion of scorpion long chain insect neurotoxins, the expres-
sion of recombinant toxins in the systems were low or it
was difficult to prepare a large amount of purified toxins (Ji
et al. 2002). P. pastoris is a well-known eukaryotic expres-
sion system efficiently used to overexpress proteins espe-
cially with low molecular weight. However, the previous
studies expressed AalT at a very low level in P. pastoris
strain KM71 using the expression plasmid pPIC9K and it
was difficult to obtain high-purity rAalT (Li and Xia 2009).
Changing the host strains of P. pastoris or expression vectors
may effectively improve the expression level of recombinant
proteins. There were not established matching expression
vectors and host strains for efficient secretory expression of
scorpion long-chain neurotoxins. In the study, we report a
suitable method for selection of high level secretory expres-
sion transformants of rAalT from P. pastoris strain X33
using the expression plasmid pPICZaA. There is also no
report on the preparation of large amount of scorpion long
chain insect neurotoxins by high density fermentation using
P. pastoris. Therefore, high level fed-batch expression and
preparation of active rAalT will help to develop the similar
insecticidal proteins to AalT as new biocontrol agents.

Materials and methods
Materials

All analytical grade reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and Sangon Biotech (Shang-
hai, China). P. pastoris strain X-33 and the expression vec-
tor pPICZaA were obtained from Invitrogen (Carlsbad, CA,
USA). Low salt Luria—Bertani agar plate containing 40 pg/
ml zeocin, yeast extract-peptone-dextrose (YPD) plates
containing 100, 200, 500 and 1000 pug/ml zeocin, BMGY
growth medium, and BMMY induction medium were pre-
pared as recommended (Invitrogen 2008). Ni*-nitriloacetic
acid (NTA) resin was purchased from Qiagen (Valencia, CA,
USA). Dialysis bags and filter devices were purchased form
Millipore (Guangzhou, China, molecular weight cut-off:
3 kDa). Rabbit anti-six-histidine IgG and goat anti-rabbit
horseradish peroxidase-conjugated (HRP) IgG were pur-
chased from CST (Guangzhou, China).

Screening transformants

AalT cDNA was amplified by polymerase chain reaction
(PCR) from our previous reported plasmid pPIC9K/aait
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using forward (5'-GCCTCGAGaaaagaAAGAAG AAC
GGTTACGCTG-3") and reverse (5'-GCTCTAGAtcaATG
ATGATGATG ATGATGGTTGATGATAGTGGTGTC
GC-3') primers (Li and Xia 2009). To obtain natural N- ter-
minal rAalT, a Kex2 signal cleavage site (aaaaga) was fused
upstream of the Aait. DNA fragments of amplified AalT with
a stop codon and a 6 X His tag (reverse, 5'-tcaATGATG
ATGATGATGATG-3') were digested with Xhol (CTCGAG
) and Xbal (ICTAGA) and fragments were inserted into the
pPICZaA vector. The recombinant vector was confirmed by
sequencing. The expression vector was linearized by diges-
tion with Sacl and transformed into P. pastoris X-33 using
LiCl as recommended (Invitrogen 2008). P. pastoris trans-
formants were grown on YPD (1% yeast extract, 2% pep-
tone, 2% glucose and 1.8% agar, pH 6.0) plates containing
100 pg/ml of zeocin. Resulting colonies were transferred to
YPD plates containing 200, 500 and 1000 pg/ml of zeocin,
respectively. After incubation at 28 °C for 3 days, large
colonies from YPD plates containing 1000 ug/ml of zeocin
were picked and subjected to a PCR analysis. As previously
described, small-scale cultivation and expression was per-
formed by using 96-deep-well plates (Bel-Art Scienceware,
NIJ, USA) (Weis et al. 2004; Barnard et al. 2010). To assay
the expression of rAalT, the induced supernatant samples
were transformed into 96-well plates and analyzed by an
enzyme-linked immunosorbent assay (ELISA) using rabbit
anti-six-histidine IgG and goat anti-rabbit horseradish per-
oxidase-conjugated IgG according to previously published
methods. Finally, 0.02% o-phenylenediamine was used as
the substrate in a chromogenic reaction. After 10 min of
incubation at room temperature, the plate wells were read
on an ELISA plate reader at OD,¢s. The transformants cor-
responding to the wells with the greater light absorption
at 495 nm were considered had the higher rAalT expres-
sion level. The supernatants of the higher light absorption
cultures of the selected transformants that were induced by
methanol collected from 96-deep-well plates were further
verified by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE).

Small-scale fermentation

The highest secretory colony selected by the ELISA and
SDS was grown in BMGY [1% yeast extract, 2% pep-
tone, 2% glycerol, 100 mM potassium phosphate (pH
6.0), 1.34% yeast nitrogen broth and 0.4 mg/l biotin]
medium with shaking (250 rpm) at 28 °C until the ODg,
was between 10 and 12. Then, the cells were collected
by centrifugation at room temperature and 1500xg for
10 min and resuspended in 40 ml of BMMY medium [1%
yeast extract, 2% peptone, 1% methanol, 100 mM potas-
sium phosphate (pH 6.0), 1.34% yeast nitrogen broth and
0.4 mg/1 biotin], followed by incubation at 28 °C with
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shaking at 250 rpm. Each day, 0.4 ml of 100% metha-
nol was added to the culture. One-milliliter samples were
collected at 0, 24, 48, 72, and 96 h after induction with
methanol. The protein concentrations of the induced
supernatants were assayed by the Bradford method. Then,
the supernatants (0.2 ml) were mixed with 0.6 ml of ice
cold acetone. After centrifugation, precipitates were dis-
solved in 20 pl of 1x SDS loading buffer and heated at
95 °C for 5 min, 10 pl denatured samples were subjected to
SDS-PAGE. The amount of secretory rAalT was assayed
by gel scanning density analysis method with software
Quantity One (Biorad, USA) and 10 pg bovine serum albu-
min (BSA) was used as the protein concentration standard.
The rAalT protein was further confirmed by Western blot-
ting with the anti-six-histidine antibody.

Fed-batch fermentation

A single colony of the most highly expressing X33 trans-
formant was inoculated into 5 ml YPG media and grown
for 20 h at 28 °C, and inoculated to 300 ml fed-batch basal
salts medium with 2% (w/v) glycerol and shaken at 28 °C
and 250 rpm to ODg, at about 10. Fed-batch fermentation
was in a 5-L bioreactor (NCBIO, China) with 2.8 1 basal
salts medium. Compressed air was maintained at 5 1/min,
dissolved oxygen (DO) was maintained higher than 30%
saturation by stirring at 200—1000 rpm at 28 °C. Fermen-
tation was started by adding 300 ml fed-batch basal salts
seed culture into the basal salts medium, with pH main-
tained at 5.5 with 30% ammonium hydroxide. To maintain
glycerol concentration in the glycerol fed-batch phase, feed
solution was added automatically according to DO > 30%
saturation by series regulation of feeding and DO to the
wet cell weight at 400 g/l1. After the feeding glycerol was
consumed and starvation for 30 min, induction solution
was added for 84 h, with medium pH maintained at 5.5
with 30% ammonium hydroxide. For methanol feeding,
the feeding rate of methanol was controlled at 3 ml/h for
24 h, 6 ml/h for 48 h, and 3 ml/h for 24 h. Cell cultures
(10 ml) were collected at 0, 12, 24, 36, 48, 60, 72, 84 and
96 h after methanol induction. For each time point, 0.9 ml
supernatants of collected cultures were mixed with 100 ul
100% TCA and incubated at — 20 °C for 4 h. After cen-
trifugation at 15,000xg for 30 min at 4 °C, precipitates
were resuspended in 90 ul 1 x SDS loading buffer with 8 M
urea and 5 pl samples were subjected to SDS—-PAGE. The
amount of secretory AalT was assayed by gel scanning and
BSA was used as the protein concentration standard. Wet
weights of cultured cells were obtained by centrifugation
and removal of supernatant. Total protein concentration in
supernatants was estimated using Bradford assays.

Optimization of affinity purification conditions

Supernatants from bioreactor (100 ml) were adjusted to pH
7.6 with NaOH, after centrifugation at 15,000xg for 60 min
at 4 °C all supernatants were loaded onto a 30-ml column
containing 3 ml Ni*-NTA resin pre-equilibrated with buffer
A (40 mM Na,HPO,, pH 7.6, 200 mM NacCl). The col-
umn was washed with buffer B (40 mM Na,HPO,, pH 7.6,
200 mM NaCl, 20 mM imidazole), and then eluted with
buffer B containing increasing concentrations of imidazole
from 50 to 300 mM. The eluted protein from affinity column
was analyzed by SDS-PAGE.

Up-scale purification and molecular weight
determination of rAalT

Two hundred ml supernatants from bioreactor we adjusted
to pH 7.6 with NaOH, after centrifugation at 15,000xg for
60 min at 4 °C all supernatants were loaded onto a 30-ml
column containing 4 ml Ni*-NTA resin pre-equilibrated with
buffer A by using a peristaltic pump sampling to 1 ml per
minute. Then, the column was washed with 200 ml of buffer
A containing 50 mM imidazole to remove contaminated pro-
teins. rAalT was eluted with 200 imidazole in buffer A. The
collected solution was dialyzed against buffer C (20 mM
NaH,PO,, pH 5.8) at 4 °C overnight. After centrifugation at
15,000 g for 30 min at 4 °C, the supernatant was collected
and loaded onto a 1-ml HiTrap CM FF column that was
pre-equilibrated with buffer C. After washing with buffer
C containing 40 mM NaCl, rAalT was eluted with buffer
D (20 mM Na,HPO,, pH 7.4, 100 mM NacCl). The final
solution was collected and analyzed by SDS-PAGE under
the condition of using or not using DTT reduction. The
molecular weight of purified and concentrated rAalT was
determined by matrix-assisted laser desorption/ionization
tandem time-of-flight MS (MALDI-TOF) using a Voyager-
DE MALDI TOF mass spectrometer (Framingham,MA/
Applied Biosystems, Foster City, USA) equipped with a
337 nm nitrogen laser.

Bioactivity assays

To evaluate the injection bioactivity of purified rAalT,
in the final instar larval stage, Galleria mellonella (G.
mellonella) larvae (weighed 0.25 +0.05 g) and fifth
instar silkworm larvae (Bombyx mori Linnaeus) (weighed
4+0.2 g) were used. G. mellonella and silkworms were
incubated on ice prior to use. Recombinant AalT pro-
teins were injected at the junction of the third and fourth
abdominal segments using 10-pl sharp Hamilton syringes
(Sigma-Aldrich, St. Louis, MO, USA). Each larva was
injected with 1, 5, 10, 20 and 50 pg/g body weight of
purified rAalT (2 mg/ml) or the corresponding volume of
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PBS as a control. Post-injection toxicity was monitored
with a lethality test at 24 and 48 h, and dead larvae were
removed. For each treatment, 30 larvae were tested.

Results
Screening transformants

The AalT gene was cloned into pPICZaA under the con-
trol of the oxidase I promoter as shown in Fig. 1a. Trans-
formants that grew on YPD plates containing 1000 ug/
ml zeocin were picked and subjected to PCR amplifi-
cation. As seen in Fig. 1b, the amplified fragment was
approximately 200 bp, as was predicted, indicating that
the AalT gene was introduced successfully into the P.
pastoris genome. In an ELISA analysis of 45 P. pastoris
transformants from the 1000 pg/ml zeocin YPD plates,
five transformants had higher light absorption at 495 nm.
As shown in Fig. 2, SDS—-PAGE results showed that one
transformant, named A1, had the highest expression level,
a less than 10 kDa secreted protein, the same molecular
weight as predicted for rAalT was presented.

A

Small-scale fermentation in flasks

As shown in Fig. 3, a less than 10 kDa secreted protein was
detected by Coomassie blue R250 staining at 24 h post-
induction with methanol, and it gradually reached a maxi-
mal level after 3 days of induction. Subsequently, the band
decreased because of substantial degradation, probably by
yeast proteases that were secreted into the culture medium.
The size of the observed recombinant protein was similar
to the estimated molecular weight of rAalT (theoretical
molecular weight of 8654.7 Da, as determined using the
ExPASy Compute pI/MW tool, http://www.expasy.ch/cgi-
bin/pi_tool) based on the predicted amino acid sequence
of KKNGYAVDSSGKAPECLLSNYCNNECTKVHY-
ADKGYCCLLSCYCFGLNDDK KVLEISDTRKSYCDT-
TIINHHHHHH. The highest protein concentration was
approximately 163 mg/l at day 4, but the rAalT concentra-
tion decreased subsequently, as determined by a gel-staining
analysis. SDS—PAGE analysis showed that the transformant
screened by ELISA expressed and secreted rAalT at a high
level. The gel scanning assays by software Quantity One
(Biorad, USA) showed post 3 days methanol induction, the
band of rAalT was about 8 pg which meant that the target
protein amounts to 80 mg/l in the media. Western blotting
results with rabbit anti-six-histidine IgG confirmed that the
recombinant protein was indeed rAalT, and that the greatest

Xba 1 |

Xho 1 AalT 6xHistag @ Xba 1

pPICZoA

B § daT ochistag @)

Fig. 1 Construction of expression vector and determination of trans-
formants. a Map of expression vector construction. b PCR amplifi-
cation of AalT from P. pastoris transformants. Four AalT P. Pastoris
transformants from YPD plate (1 g/l zeocin) and one colony of strain
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Fig.2 Detection of high level secreted rAalT protein transformants
by SDS-PAGE. Lanes Al-AS5, supernatans induced by methanol
from the ELISA selected highest light absorption transformants;
lanes B1-B3, supernatans induced by methanol from 3 transformants
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Fig.3 Detection of rAalT expressed in flasks. Culture supernatants
were collected at the indicated time after methanol induction. The
supernatants were analyzed on 15% SDS-PAGE and stained with
Coomassie blue R250. Lane M, protein markers; rAalT was marked
with an arrow

Bl

growth on 100 pg/ml zeocin YPD plates; lanes C1-C3, supernatants
from 3 empty pPICZaA X33 transformants; lane M, protein markers;
rAalT was marked with an arrow

concentration of rAalT was obtained after 3 days of metha-
nol induction (Fig. 3).

Fed-batch fermentation

The results of gel scanning for rAalT expression were as fol-
lows (Fig. 4a). Secretory rAalT could be detected post 12 h
methanol induction, the secreted rAalT was increased rap-
idly post 12-72 h induction. Secreted rAalT was increased
to a peak at 72 h induction with methanol. However, the
induction time of methanol was prolonged, the expression
of rAalT decreased as a result of degradation. The result of
gel scanning determined that the proportion of target protein
was as high as 37% of total protein amounted to approxi-
mately 240 mg/l rAalT in supernatant after 72 h of methanol
induction (Fig. 4b), which was about three times higher than
that in shake flasks.

Optimization of affinity purification conditions

After removing unbound proteins with buffer B from the col-
umn, the elution of the recombinant protein was performed
using buffer A with increasing imidazole respectively. As
shown in Fig. 5, the optimal imidazole concentration for elu-
tion was 50-300 mM, and the predicted protein with a molec-
ular weight lower than 10 kDa was observed. According to
the amino acid sequence of rAalT, the theoretical molecular
weight is about 8.6 kDa which was closed to the gel staining
results. As the SDS—PAGE results shown, when the imida-
zole concentration was lower than 50 mM, rAalT was almost
not eluted, and when the imidazole concentration was higher
than 200 mM, almost all rAalT was eluted. Although, washing
Ni*-NTA column with buffer B containing 50 mM imidazole
could remove most of contaminated proteins, some contami-
nated proteins with the molecular weights of 10-15 kDa were
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Fig.4 Analysis of rAalT expressed in fed-batch fermentation. a
SDS-PAGE identified the time course of rAalT expression in 5-L
bioreactor. Culture supernatants were collected at the indicated time

Imidazole concentration (mM)

kDa M 30020015010050 1

-
70
DD e
40
35 e
25 .
15

Y

Fig.5 Purification of rAalT by Ni*-NTA chromatography. Recom-
binant AalT was purified by Nit-NTA column. Lane M, protein
marker; /, before purification. Eluents were collected at the indicated
imidazole concentrations

still not removed. In order to obtain higher purity rAalT, other
purification methods are needed.

Up-scale purification and molecular weight
determination of rAalT

The rAalT eluted with 200 mM imidazole from the
Nit-NTA column were collected. Approximately 18.6 mg of

@ Springer

160
140+
1204

100+

rAalT (mg/l)
g

0 T T T T T T T T
0 12 24 36 48 60 72 84 96

Post methanol addition (h)

after methanol induction. b Detection the amounts of rAalT by gel
scanning. Culture supernatants were collected at the indicated time
after methanol induction

rAalT was obtained from 200 ml of culture supernatant. The
dialyzed supernatant was loaded onto a CM ion-exchange
column and washing with buffer C to remove unbound pro-
teins, eluates with an absorbance at 280 nm greater than
20 mAU were collected (Fig. 6a). The collected samples
were analyzed by SDS—PAGE. As shown in Fig. 6b, the
purified rAalT was a single band in the absence of or with-
out a reducing agent. According to the intensity value of
gel scanning, approximately 8 mg of high purity rAalT was
obtained by CM ion-exchange chromatography; the purifica-
tion yield of each step was summarized in Table 1. The pre-
cise molecular weight of the purified rAalT was 8650.4 Da,
which was closed to the the theoretical molecular weight of
the expressed rAalT (Fig. 6¢). A single protein peak indi-
cated that rAalT purified by CM chromatography had a high
purity.

Bioactivity assays

G. mellonella and silkworms were injected with rAalT, and
they all showed classic symptoms of neurotoxin poisoning,
including immediate contraction paralysis and abdominal con-
traction, while control larvae that were injected with PBS did
not show any such symptoms (Fig. 7). G. mellonella toxicity
results are shown in Table 2. When the dose was 1 pg/g body
weight, post 24 h injection, almost all of the larvae lose mobil-
ity but no death. Increasing the injection dose to 20 pg/g body
weight, post 24 h injection, 19 of larvae (63.3%) died post 24 h
injection, 27 of larval (90%) were died post 48 h injection.
When the dose was 50 pg/g body weight, post 24 h injec-
tion, 28 of larvae (93.3%) died post 24 h injection, all larval
(100%) were died post 48 h injection. Although 2 of control G.
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Fig.6 Up-scale purification and molecular weight determination of
rAalT. a Elution curves of rAalT from a HiTrap CM FF ion exchange
column. The eluents were collected at the value of OD,g,.,>20
mAU. The blue curve and the red curve represent the UV absorbance
(mAU) and ionic strength (mS/cm) of the eluent respectively. b SDS—

Table 1 Purification of rAalT

Purification step ~ Total Total Purity (%) Recovery (%)
volume  rAalT
(ml) (mg)
Supernatants after 200 48 37 100
centrifugation
Ni*-NTA column 25 18.6 >85 39
CM column 3.8 8 >95 16.7

mellonella died after 48 h, the death larvae did not show any
symptoms of neurotoxin poisoning.

Silkworm injection toxicity results are shown in Table 3.
When the dose was 1 pg/g body weight, almost all of the lar-
vae lose mobility, but no death post 48 h of injection. Upon
increasing the dose to 5 ug, 7 of larvae (23.3%) died post
24 h injection and 12 of larval were died post 48 h injection.
Increasing the injection dose to 10 ug/g body weight, 16 of
larvae (53.3%) were died post 24 h injection and 25 of larval
(83.3%) were died post 48 h injection. When the dose was
20 pg/g body weight, post 24 h injection, 26 of larvae (86.7%)
died post 24 h injection and all larvae (100%) were died post
48 h injection. When the dose was 50 pg/g body weight, post
24 h injection, all larval were died. Although one of control
silkworm died after 48 h, the death larvae did not show any
symptoms of neurotoxin poisoning.

kDa

B C

DTT 8650.4

1000

800

Intens. [a. u.]
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PAGE results of concentrated rAalT under reduced and non reducing
conditions. Lane M, protein markers. ¢ The mass of purified rAalT
protein was measured using MALDI TOF mass spectrometer. The
mass denotes the Mr of rAalT is 8650.4. Mass per charge is indicated
by use of m/z

Disscussion

Many factors, especially host strains and expression plas-
mids affect the expression of heterologous proteins in P.
pastoris (Rabert et al. 2013; Looser et al. 2015). Thus, the
Invitrogen Company provides several host strains such as
X33, KM71 and SMD1168, and several secretory expres-
sion vectors containing pPIC9k, pPIC3.5 k, and pPICZaA.
Therefore, choosing the proper expression plasmid and host
strain is critical for achieving high-level protein expres-
sion. Using pPIC9k as the expression plasmid, X33 and
SMD1168 as the host strains, we did not select the trans-
formants which were significantly higher than KM71 (data
not shown). Similarly, KM71 was used as host strain and
pPIC3.5 k and pPICZaA as the expression vectors, the trans-
formant which significantly higher than the previous reports
was not obtained (data not shown). In the case of identi-
cal gene sequences and signal peptides (different cleavage
sites), using pPICZaA as the expression vector and strain
X33 as the host strain, we selected several high level secre-
tory expression rAalT transformants and the highest one
which was about eightfold greater that that achieved in our
previous studies using pPICIK as the expression vector and
strain KM71 as the host strain. Therefore, matching expres-
sion plasmid with host strain is one of the key factors to
obtain high-level secreted expression transformants. Under
the condition of fed batch fermentation, the expression level
of rAalT was over three times higher than that of shake flask.
Thus, fed batch fermentation could enhance the expression
level and facilitate the preparation of rAalT. To our knowl-
edge, this is by far the highest secretory expression of scor-
pion insecticidal neurotoxin in P. Pastoris.
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Fig.7 Injection toxicity assays
of rAalT. a G. mellonella larvae
injected with purified rAalT
from P. pastoris. b Silkworms
larvae injected with purified
rAalT from P. pastoris

Table 2 Injection G. mellonella

Injection with rAalT

Injection with PBS

A

Injection with PBS

Injection with rAalT

Table 3 Injection silkworm

Dose (body weight Mortality percent (24 h Mortality percent Dose (body weight Mortality percent (24 h Mortality percent

ug/g) post injection) (48 h post injec- ug/g) post injection) (48 h post injec-
tion) tion)

0 33 0 0

5 13.3 20 5 233 40

10 40 66.7 10 533 83.3

20 63.3 90 20 86.7 100

50 93.3 100 50 100 100

PBS 0 6.7 PBS 0 33
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Gene copy number is another important factor affecting
the expression level of recombinant proteins, the most com-
mon strategy for selecting P. pastoris transformants with
high heterologous protein expression levels is to focus on
screening multicopy integrations of an expression cassette
(Liu et al. 2007; Yang et al. 2016; Camara et al. 2017). In
this study, initially, we could not obtain high-level secretory
expression of rAalT using standard selection protocols from
low concentration zeocin plates and we had to select addi-
tional transformants by using a much higher level of zeocin
on the YPD plates. Using real-time PCR method, we assayed
the copy number of AalT gene from 1 g/l zeocin YPD plates,
and cassettes of these 45 transformants was between 6.3 and
8.8 (69 expression cassettes). Five transformant that grew
on YPD plate containing 1 g/l zeocin exhibited a high level
of expression of rAalT, their average cassettes were 8.3
which had the most expression cassettes (data not shown).
Therefore, the copy number of the AalT gene was another
critical factor determining the level of rAalT expression in P.
Pastoris. Generally, the more expression cassettes, the easier
it is to obtain high levels of secretory expression transfor-
mants. By screening for transformants with more expression
cassettes, it is possible to obtain the transformants secreted
rAalT at higher levels. However, SDS-PAGE analysis of
the supernatants of 5 ELISA selected transformants showed
that one transformant named A1 had the highest expressed.
In fact, another two transformants had higher light absorp-
tion than Al, suggesting that many interfering agents may
be induced during the induction of expression. Because of
the specificity of antibody and the complexity of antigen,
the transformants cannot be screened simply by ELISA. In
general, the successful screening of high-level expression
P. pastoris transformants often involves the use of multiple
methods.

Compared with the shaking flasks fermentation in BMMY
medium, the fed-batch culture of P. pastoris produced a sig-
nificantly higher rAalT. The NCBIO system could main-
tain 30% DO before the methanol induction by stirring up
to 1000 rpm, but the DO could not always maintained at
30% during the induction course at the maximal agitation,
especially at the moment when methanol was added, the
DO was reduced to as low as 10%. Therefore, pure oxygen
instead of compressed air could improve the productivity of
rAalT. The feeding rate of methanol is also a crucial factor
to the expression of rAalT. In our study, the methanol feed-
ing strategy was crude and the methanol concentration in
the culture was unknown during the induction period. The
real-time online monitoring of methanol concentration and
automatic control of methanol feeding may achieve a higher
level of rAalT secretion.

Most protein purification protocols require multiple
steps to achieve highly purified products. An ideal puri-
fication protocol results in high yield and purity with a

minimum number of steps. Affinity chromatography is an
effective way of separating proteins, often with only one
step being needed to separate a protein of interest from a
complex protein mixture. In addition, the target protein
is concentrated during the purification process, thereby
shortening the purification time, which is especially ben-
eficial for the purification of unstable proteins, as well as
maintaining protein activity. Ni*-affinity chromatography
is one of the simplest and most effective methods for pro-
tein purification, and it is often used to purify histidine-
tagged proteins (Lin et al. 2015; Terpe 2003). In this study,
a six-histidine tag was added to the carboxyl-terminus of
rAalT, which greatly simplified the purification steps.
With a simple, one-step purification via the Nit-NTA
column, we obtained rAalT that was up to 85% pure. In
previous studies, although the expression of rAalT was
achieved, an effective purification method was not found,
and only small amounts of low-purity rAalT were obtained
(Li and Xia 2009). Here, rAalT was purified efficiently
with Ni**-affinity purification which was convenient for
subsequent use of CM chromatography to obtain high
purity rAalT protein.

Soft-bodied silkworms exhibit all kinds of toxic symp-
toms in response to exposure to various neurotoxins, and
they are often used to determine the activity of insect
neurotoxins (Figueiredo et al. 1995; Ji et al. 2002). Our
data showed that the injection of rAalT had immediate
effects on silkworms, including severe vomiting, mouth
movement, abdominal contraction, swelling of the head,
and anal exposure (supplement A), which is consistent
with the reported symptoms of AalT. In previous studies,
the P. Pastoris was used to express an alpha-neurotoxin
named BmalphaTX14 fusion with six-histidine tag at the
carboxyl-terminus, the purified rBmalphaTX14 was also
bio-active and the selectively did not change (Wang et al.
2006). Therefore, the fusion of the six-histidine tag at the
carboxyl-terminus of rAalT likely did not obvious affect
its three-dimensional conformation.

In summary, transformants with high level expres-
sion of rAalT can be efficiently obtained by changing
the expression strains, expression plasmids and screen-
ing the transformants with multiple expression cassettes.
Moreover, high density fermentation can further increase
the expression of rAalT. As a result, we have described a
highly efficient method of producing large quantities of
functional rAalT, and this method may facilitate further
functional studies of the other similar insect neurotoxins.
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