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Three-finger toxins (3FTxs) have traditionally been obtained via venom fractionation of whole venoms from
snakes. This method often yields functional toxins, but it can be difficult to obtain pure isoforms, as it is chal-
lenging to separate the many different toxins with similar physicochemical properties that generally exist in
many venoms. This issue can be circumvented via the use of recombinant expression. However, achieving the
correct disulfide bond formation in recombinant toxins is challenging and requires extensive optimization of
expression and purification methods to enhance stability and functionality. In this study, we investigated the
expression of a-cobratoxin, a well-characterized 3FTx from the monocled cobra (Naja kaouthia), in three different
expression systems, namely Escherichia coli BL21 (DE3) cells with the csCyDisCo plasmid, Escherichia coli SHuffle
cells, and Komagataella phaffii (formerly known as Pichia pastoris). While none of the tested systems yielded
a-cobratoxin identical to the variant isolated from whole venom, the His¢-tagged a-cobratoxin expressed in
K. phaffii exhibited a comparable secondary structure according to circular dichroism spectra and similar binding
properties to the a7 subunit of the nicotinic acetylcholine receptor. The findings presented here illustrate the
advantages and limitations of the different expression systems and can help guide researchers who wish to ex-
press 3FTxs.

1. Introduction

turn, this may ultimately cause flaccid paralysis and possibly death by
asphyxiation in victims envenomed with these toxins (Barber et al.,

Three-finger toxins (3FTxs) are a highly diverse group of toxins
primarily present in the venom of snakes belonging to the Elapidae and
Colubridae families (Tasoulis and Isbister, 2017). These toxins are
characterized by a unique three-fingered fold, consisting of three loops
or fingers protruding from a central p-sheet core, held together by four
conserved disulfide bonds (Kini and Doley, 2010). While 3FTxs are
typically known for their neurotoxicity and paralysis-inducing effects,
this family of toxins has evolved to encompass a wide range of functions,
including cytotoxic, anticoagulant, and cardiotoxic effects (Utkin,
2019).

The a-neurotoxins are a functional subgroup in the 3FTx family.
They target postsynaptic nicotinic acetylcholine receptors (nAChRs),
preventing acetylcholine from binding and activating these receptors. In

2013; Nirthanan, 2020; Nirthanan and Gwee, 2004; Tsetlin et al., 2021).
One well-studied member of this subgroup is a-cobratoxin, which is the
medically most important toxin in the venom of the monocled cobra
(Naja kaouthia) (Bourne et al., 2005; Laustsen et al., 2015; Osipov et al.,
2012) and a widely utilized toxin in toxinology and antivenom research
(Ledsgaard et al., 2023; Wade et al., 2022). a-cobratoxin is currently
obtained through a labor-intensive process that involves capturing or
breeding N. kaouthia snakes, followed by the potentially hazardous task
of venom extraction (Leon et al., 2018; Sanchez et al., 2006). The pu-
rified toxin is then obtained using high-performance liquid chromatog-
raphy (HPLC). This method presents significant challenges, including
the dangers associated with snake handling and the potentially incon-
sistent quality of the purified toxin in different batches, as venom varies

Abbreviations: 3FTx, Three-finger toxin; nAChR, nicotinic acetylcholine receptor; PDI, Protein disulfide isomerase; SUMO, Small ubiquitin-like modifier; Ulp1,
Ubiquitin-like-specific protease 1; CD, Circular dichroism; DELFIA, Dissociation-enhanced lanthanide fluorescence immunoassay.
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with age, sex, diet, and environmental factors (Cipriani et al., 2017;
Laustsen, 2019). To address these drawbacks, recombinant expression
may be an alternative solution for obtaining a steady supply of toxins
without the need to catch or keep snakes and extract their venom (de la
Rosa et al., 2018; Liu et al., 2021; Lyukmanova et al., 2010; Makarova
et al., 2018).

To express a correctly folded, functional recombinant toxin, it is
necessary to find a recombinant expression system that can accommo-
date all the necessary features of the native toxin, including correct di-
sulfide bond formation, and other post-translational modifications
(Rivera-de-Torre et al., 2022). Common expression hosts, such as
Escherichia coli and the yeast Komagataella phaffii (formerly known as
Pichia pastoris), have their own advantages and disadvantages, making it
relevant to compare their performance in expressing recombinant toxins
(Rivera-de-Torre et al., 2022). E. coli is a widely used expression system
due to the fast growth rate of this bacterium, the low cost of its media
and other materials needed for its growth, and the ease of genetically
manipulating this expression host. In this study, two different
E. coli-based systems were used for the expression of a-cobratoxin,
namely BL21 (DE3) cells with the csCyDisCo plasmid and SHuffle cells
(Berkmen, 2012). SHuffle cells are designed to promote the formation of
disulfide bonds, which are critical for proper folding and activity of
3FTxs, such as a-cobratoxin, while the csCyDisCo plasmid utilizes a
co-expression of a sulfhydryl oxidase and two protein disulfide isomer-
ases (PDIs) to improve the formation of disulfide bonds as well as the
solubility of recombinant proteins (Bertelsen et al., 2021; Nielsen et al.,
2019). In addition to the E. coli-based systems, the yeast, K. phaffii is a
popular choice for protein expression due to its ability to secrete re-
combinant proteins, resulting in easier downstream processing.
Furthermore, K. phaffii can perform post-translational modifications
similar to those in higher organisms, including correct folding and di-
sulfide bond formation (Karbalaei et al., 2020).

Here, we compare the expression of a-cobratoxin in E. coli, using
both BL21 (DE3) cells with the csCyDisCo plasmid and Shuffle cells, and
K. phaffii, with a focus on yield, purity, and functional activity of the
recombinant toxin. By exploring the utility of each of these expression
systems, we aim to facilitate the production of recombinant a-cobratoxin
and other 3FTxs for research within toxinology, benefiting antivenom
development and potentially unlocking the investigation of therapeutic
applications for proteins based on this toxin scaffold (Rivera-de-Torre
et al., 2022).

2. Material and methods
2.1. Plasmid construction

Recombinant a-cobratoxin was produced in E. coli using the plasmid
PET39-Hisg-SUMO-a-cobratoxin as previously described (Rimbault
et al., 2023). Briefly, the gene encoding a-cobratoxin (Uniprot: P01391)
was codon optimized for expression in bacteria and inserted into the
PET39 vector with an N-terminal small ubiquitin-like modifier (SUMO)
solubility tag. Other plasmids were created with a Hisg-tag using the
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs)
following the manufacturer’s instructions. The design of all primers for
plasmid construction was performed using the NEBuilder Assembly Tool
(New England Biolabs).

For expression in K. phaffii, the gene encoding Hise-a-cobratoxin was
codon-optimized for expression in yeast and inserted into a pPICZa A
vector (Invitrogen) using the NEBuilder HiFi DNA Assembly Cloning Kit
(New England Biolabs).

The coding sequences were cloned in phase with the a-mating factor
of S. cerevisiae for secretion of the recombinant protein to the culture
media and contained a Hisg-tag on the N-terminal to streamline the
purification. The resulting plasmids were verified by DNA sequencing to
confirm the correct insertion of the a-cobratoxin gene and the respective
tags (Eurofins Genomics) (Rimbault et al., 2023).
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2.2. Expression of a-cobratoxin in E. coli

Two variations of a-cobratoxin constructs in the pET39 vector,
namely Hisg-SUMO-a-cobratoxin and Hisg-a-cobratoxin, were trans-
formed into chemically competent E. coli SHuffle cells (New England
Biolabs). Similarly, BL21 (DE3) cells (Invitrogen) were transformed with
the a-cobratoxins along with the csCyDisCo plasmid. The transformed
SHuffle cells were plated on kanamycin-containing 2xYT (1.6% tryp-
tone, 1% yeast extract, 0.5% NaCl) agar plates, while the BL21 (DE3)
cells were plated on 2xYT agar plates supplemented with both kana-
mycin (50 pg/mL) and chloramphenicol (20 pg/mL). The plates for
E. coli SHuffle cells were incubated at 30 °C according to the manufac-
turer’s protocol, while the plates for BL21 (DE3) cells were incubated at
37 °C. For the overnight preculture, a 50 mL volume of 2xYT medium
supplemented with kanamycin (50 pg/mL) was inoculated with the
transformed E. coli SHuffle cells and grown at 30 °C with continuous
shaking at 220 rpm. In the case of BL21 (DE3), the medium was addi-
tionally supplemented with chloramphenicol (20 pg/mL) and grown at
37 °C. The following day, a 1 L volume of 2xYTGK medium (1.6%
tryptone, 1% yeast extract, 0.5% NaCl, 2 % (w/v) dextrose, 50 pg/mL
Kanamycin) was inoculated with the overnight preculture at an initial
optical density at 600 nm (ODggp) of 0.1 and grown at 30 °C or 37 °C
with continuous shaking at 220 rpm. The culture was allowed to reach
an ODgop of 0.8, at which point it was induced with 1 mM isopropyl p-D-
1-thiogalactopyranoside (IPTG). In the case of BL21 (DE3), the medium
was supplemented with chloramphenicol (20 pg/mL).

Subsequently, the temperature was lowered to 16 °C, and the toxins
were expressed for approximately 20 h. The next day, the cells were
harvested by centrifugation at 6000xg for 15 min at 4 °C, and the cell
pellets were subsequently resuspended in 30 mL lysis buffer (50 mM
Tris-HCI, pH 8.0, 300 mM NaCl, and 20 mM imidazole) supplemented
with lysozyme (1 mg/mL) and benzonase (1 pL/50 mL). The cells were
lysed on ice by sonication using a Fisherbrand FB120 sonicator, operated
in pulsed mode with 90 cycles of 2-s intervals at 40% amplitude of vi-
bration, with a 2-s pause in between pulses to avoid overheating. The
soluble fraction was separated from the insoluble debris by centrifuga-
tion at 15,000 x g for 30 min at 4 °C. The resulting clarified supernatants
were collected and stored at 4 °C for subsequent purification steps.

2.3. Expression of a-cobratoxin in K. phaffii

The generation of electrocompetent K. phaffii cells followed a pre-
viously described protocol (Tapia-Galisteo et al., 2022). Briefly, plasmid
DNA (10 pg) was linearized using Sacl digestion and electroporated into
the KM71H strain using the Bio-Rad Gene Pulser apparatus (Bio-Rad,
Hercules, CA, USA). Cells containing the integrated sequences were
selected on YPDS plates (20 g/L peptone, 10 g/L yeast Extract, 20%
(w/v) dextrose, 182.2 g/L sorbitol, 20 g/L agar) supplemented with
increasing concentrations of Zeocin (100, 500, or 1000 pg/mL).

Each individual clone was separately inoculated into 50 mL BMGY
medium (10 g/L yeast extract, 20 g/L peptone, 0.1 M potassium phos-
phate pH 6.0, 1.34% (w/v) yeast nitrogen base (YNB), 0.04 pg/mL
biotin, 1% (v/v) glycerol) and incubated overnight at 30 °C with shaking
at 220 rpm to assess the expression levels of different clones. The
overnight cultures were centrifuged at 4,000xg for 10 min, and the
resulting cell pellets were resuspended in 5 mL BMMY medium (10 g/L
yeast extract, 20 g/L peptone, 0.1 M potassium phosphate pH 6.0, 1.34%
(w/v) YNB, 0.04 pg/mL biotin, 0.5% (v/v) methanol). The cultures were
further incubated at 25 °C for 4 days with continuous shaking. Methanol
was added to the cultures every 24 h at a final concentration of 0.5% (v/
v) to maintain protein expression. To evaluate protein expression, 1000
pL samples were taken from the cultures every 24 h. The samples were
centrifuged at 5,000xg for 1 min, and the supernatants were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), stained with colloidal Coomassie blue to assess expression levels.
Based on the expression analysis, the clone with the highest expression
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level was selected for large-scale expression.

For large-scale expression, the selected clone was inoculated into 5
mL YPD medium (20 g/L peptone, 10 g/L yeast extract, 20% (w/v)
dextrose) and incubated overnight at 30 °C with shaking at 200 rpm. The
following day, 2.5 mL of the saturated culture was transferred to 1 L of
BMGY medium and grown for 24 h at 30 °C with shaking at 200 rpm.
The culture was then centrifuged at 5,000xg for 10 min, and the cell
pellet was resuspended in 100 mL of BMMY. Similar to the test
expression, the cells were further cultured at 25 °C for 4 days with the
addition of methanol to a final concentration of 0.5% (v/v) every 24 h.
After 96 h, the cells were harvested by centrifugation at 17,000 x g for 30
min at 4 °C, and the supernatant was collected. The supernatant was
sterilized by filtration through a 0.2 pM membrane filter (Milipore). The
filtered supernatant was then stored at 4 °C for subsequent purification
steps.

2.4. Preparation of the SUMO protease Ulp1 protease

The Ubiquitin-like-specific protease 1 (Ulpl) was purchased from
Sigma-Aldrich (SAE0067), and the lyophilized protease was recon-
stituted in 100 pL water supplemented with 1 mM DTT.

2.5. Purification of a-cobratoxin and protease cleavage

The cleared cell lysate from the E. coli and the filtered supernatant
from the K. phaffii were subjected to His-purification using gravity flow
purification. First, 5 mL of equilibrated HIS-Select® Nickel Affinity Gel
resin (Millipore, Burlington, USA) was washed and equilibrated with
wash buffer A (50 mM Tris-HCI, pH 8.0, 300 mM NaCl, and 20 mM
imidazole), was mixed with the supernatant and incubated at 4 °Cfor 1 h
with end-over-end rotation. The resin was subsequently transferred into
chromatography columns, and the flow-through fractions were
collected. The columns were washed with a wash buffer A until the Asgg
of the eluent was <0.05. Then, the toxins were eluted using 5 column
volumes (CV) of elution buffer (50 mM Tris-HCI, pH 8.0, 300 mM NaCl,
400 mM imidazole). The fractions containing the eluted toxins were
dialyzed twice against dialysis buffer (50 mM Tris-HCI, pH 8.0, 300 mM
NaCl) at 4 °C and subsequently concentrated using Amicon® Ultra-15
Centrifugal Filters (Millipore, Burlington, USA).

The removal of Hise-SUMO tag from o-cobratoxin was carried out
using Ulp1 protease. Ulpl was added at a concentration of 10 U per mg
of toxin. To create a reducing environment necessary for the protease
activity, 0.05 mM of DTT was included in the reaction mixture. The
reactions were incubated at 30 °C for 1 h followed by an overnight in-
cubation at 4 °C.

Subsequently, the cleaved toxins were subjected to a second purifi-
cation step using HIS-Select Nickel Affinity Gel resin. Prior to binding
the toxin-protease reactions, 2 mL of the resin was washed and equili-
brated with wash buffer B (50 mM Tris-HC, pH 8.0, 150 mM NacCl). The
resin was then mixed with the toxin-protease reactions and incubated
for 16-18 h with end-to-end rotation at 4 °C. The flow-through, con-
taining the cleaved toxin without any His-tags, was collected. The resin
was further washed with 6 CV of wash buffer B. The removed tags and
proteases were eluted using 4 CV of elution buffer. Finally, the purified
toxins were stored at —20 °C for subsequent use.

2.6. SDS-PAGE and Western Blotting

Samples were prepared using loading buffer with or without 1 mM
DTT and subsequently denatured at 95 °C for at least 20 min. Gel elec-
trophoresis was conducted using SDS-PAGE, and the resulting gels were
stained with Coomassie Blue dye followed by destaining.

Following SDS-PAGE, proteins were transferred to an Immobilon-P
membrane (Millipore). Blocking was performed using a solution
composed of 100 mM Tris-HCl, 150 mM NacCl, and 0.1% Tween 20
(TBST) supplemented with 5% (w/v) milk. Membranes were washed in
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TBST for 10 min, repeated twice with fresh buffer. Detection of Hise-
tagged proteins was achieved through incubation with Anti-His6 anti-
body - HRP, diluted to 1:500 (ThermoFisher MA1-21315-HRP). Visual-
ization was accomplished using Clarity ECL Western Blotting substrate
and the Bio-Rad ChemiDoc system according to the manufacturer’s
instructions.

2.7. Preparation of native a-cobratoxin

Native a-cobratoxin from N. kaouthia purified to homogeneity by
chromatographic methods was purchased from Latoxan SAS (Portes-les-
Valence, France). The toxin was shipped in lyophilized form and used as
a comparative control for the recombinantly expressed a-cobratoxin.
The native a-cobratoxin was reconstituted in 50 mM Tris-HCI, pH 8, 150
mM NacCl, and either used directly or biotinylated as described below.

2.8. Biotinylation of a-cobratoxin

The native a-cobratoxin, as well as the recombinantly expressed
variants, were biotinylated according to the manufacturer’s recom-
mendation, using a 10:1 M ratio of biotinylation reagent (Innolink Biotin
354 S, Merck) to toxin. Briefly, the biotinylation reagent, dissolved in
dimethyl sulfoxide (DMSO), was added to the recombinant toxins in a
small volume (constituting <5% of the final mixture). After a 90-min
incubation at 25 °C, the biotinylated toxins were separated from the
unbound biotinylation reagent using Amicon® Ultra-4 Centrifugal Filter
Units with a 3 kDa membrane and subjected to four washes using 4 mL
PBS at 8 °C. Protein concentration was determined at 280 nm using a
NanoDrop and adjusted based on the protein sequence’s theoretical
extinction coefficient calculated with ProtParam (Expasy) (Walker,
2005) The degree of biotinylation was assessed by the Ajgo/Ass4
absorbance ratio, indicating a biotin:toxin molar ratio ranging from 1:1
to 1.5:1 across all tested a-cobratoxin variants.

2.9. Circular dichroism (CD) spectroscopy

To compare the secondary structures of the recombinant a-cobra-
toxins with the native counterpart, CD spectroscopy was performed
following a previously described protocol (Rimbault et al., 2023). In
short, the toxins were dialyzed against a 10 mM potassium phosphate
buffer (pH 7.0). Far-UV CD measurements were conducted using a
JASCO J-1500 spectrophotometer (Easton, MD, USA) equipped with a
0.1 mm quartz cuvette. The spectrum was recorded by performing 10
measurements between 250 nm and 190 nm, with a bandwidth of 0.1
nm and intervals of 1 nm. The scan speed was set at 50 nm/s.

A control was included to compare the fully denatured native
a-cobratoxin. This was achieved by denaturing the protein with 1 mM
DTT and boiling it at 95 °C for 20 min.

The acquired spectra were processed and smoothed using Spec-
traManager software (JASCO). Graphs depicting the CD spectra were
generated using GraphPad Prism 10.

2.10. In vitro binding of nAChR

A blocking dissociation-enhanced lanthanide fluorescence immuno-
assay (DELFIA) was performed to assess the binding ability of the
different purified a-cobratoxins to the human a7-acetylcholine receptor
chimera, following a previously described protocol (Ledsgaard et al.,
2022). Briefly, Black MaxiSorp plates (Nunc A/S, Roskilde, Denmark)
were coated with 4 pg/mL «7-AChR in PBS (200 ng/well). The plates
were blocked using PBS +1% BSA and washed thoroughly with PBS-T
(PBS with 0.1% Tween-20) followed by PBS before the toxins were
added in 3-fold dilutions ranging from 20 pg/mL to 0.34 ng/mL. The
signals were generated with europium-labelled streptavidin at a con-
centration of 0.2 pg/mL and detected using a VICTOR Nivo Multimode
Microplate reader. Measurements were performed in duplicates and the
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experiment was performed twice to ensure reproducibility. The data was
analyzed in Graphpad Prism 10 with a nonlinear fit using ‘ECanything’,
a variable slope model, while constraining the F-value to 50.

3. Results

3.1. Expression and purification of recombinant a-cobratoxin

Toxicon 239 (2024) 107613

is represented in Fig. 1A. Plasmids were constructed and verified by
Sanger sequencing to confirm the correct constructs (Fig. 1B). In addi-
tion to expressing Hisg-a-cobratoxin, a-cobratoxin was expressed in
E. coli fused with a SUMO tag to enhance protein solubility during
expression. The cleared cell lysates obtained from the E. coli expressions
and the filtered supernatant from the K. phaffii expression were sub-
jected to purification using HIS-Select® Nickel Affinity Gel resin

(Fig. 1C, D, and E). Those a-cobratoxin constructs harboring a solubility
fusion protein were further processed by removing the solubility tag
with Ulpl protease (Fig. 1F) in the presence of 0.05 mM DTT. The
presence of DTT is crucialfor enabling protease activity, but it is

Recombinant a-cobratoxin was expressed using three different sys-
tems: 1) csCyDisCo in E. coli BL21 (DE3), 2) genetically modified E. coli
SHuffle, and 3) the yeast K. phaffii. The protein sequence of a-cobratoxin

A ]
IRCFITPDITSKDCPNGHVCYTKTWCDAFCSIRGKRVDLGCAATCPTVKTGVDIQCCSTDNCNPFPTRKRP
B * 260 TR, 3 00 BT
pcsCyDisCo pPICZa-A_ a-cobratoxin
C BL21 D SHuffle E K. phaffii
Hisg SUMO Hisg SUMO Hisg
SN FT W1 E1 SN FT W1 E1 SN FT W1 E1 E2 SN FT W1 E1 FT W1 W3 W6 E1 E2 E3 E4
::' - & 'y 0 - -
- & =i 50- &
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Fig. 1. Vector maps and gel pictures from the expression and purification of a-cobratoxin from E. coli and K. phaffii. A) Protein sequence of a-cobratoxin
(accession number: P01391). The cysteines are highlighted in grey with the disulfide bond pattern indicated with dashed lines. B) The helper plasmid csCyDisCo
containing the sulfhydryl oxidase Ervl and the protein disulfide isomerases PDI and csPDI is shown, along with the three expression plasmids used for a-cobratoxin
expression in different host systems. In E. coli expression, two constructs were used: Hisg-a-cobratoxin and Hisg-SUMO-a-cobratoxin. In K. phaffii expression,
a-cobratoxin was fused with a-mating factor (a-MF) and a Hisg-tag. C) The SDS-PAGE analysis of the first purification steps for E. coli BL21 (DE3) expression with the
pesCyDisCo co-expression system, D) E. coli SHuffle, and E) K. phaffii. The loaded samples include the supernatant after lysis (SN), flowthrough (FT), washes (W'X"),
and elution fractions (E'X"). The migration of Hise-a-cobratoxin is indicated by a circle, and Hisg-SUMO-a-cobratoxin by an arrowhead. F) The SDS-PAGE analysis
demonstrates the protease cleavage of toxins containing a Hise-SUMO tag using Ulp1l. The gel shows the samples before protease addition (1) and after over night
cleavage (2). G) SDS-PAGE analysis of the purified protein with 50 mM DTT or without DTT. Note that the tag-names are kept to make it easier to differentiate
between the different toxin constructs, even though the tags are now removed. The observed migration shift after the addition of DTT suggests that disulfide bonds
are present in the purified protein. The dashed arrow indicates the migration of a-cobratoxin. H) Western blot analysis under the same conditions assayed in the SDS-
PAGE. The detection was performed with an anti-Hiss-HRP antibody. Therefore, only the Hiss-a-cobratoxin was detected.
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essential to keep it as low as possible to minimize the reduction of di-
sulfide bonds in the toxins. Subsequent experiments were conducted
using the toxins after the removal of the tags. However, for clarity and to
distinguish between the different constructs, the toxins are still referred
to by their respective tag names. The molecular weights of the
a-cobratoxin constructs are summarized in Table 1..

Subsequently, the purified toxin exhibited an electrophoretic
mobility shift in the presence or absence of DTT, indicating disulfide
bonds formed during the expression (Fig. 1G). Mobility shifts were also
observed in the formerly SUMO-tagged a-cobratoxin, indicating that the
disulfides remained intact after the proteolytic treatment. The mobility
shift is notably different for the constructs assayed. The difference might
be attributed to the heterogenicity in the disulfide-bond network which
can alter electrophoretic migration due to the three-dimensional struc-
ture adopted the protein.

To authenticate the expressed toxins, a Western blot was carried out,
analyzing the presence of the Hisg-tag on the recombinant proteins
(Fig. 1H). Bands corresponding to the expected mobility for Hisg-
a-cobratoxin were evident in wells containing recombinant proteins
expressed in E. coli strains BL21 (DE3) csCyDisCo and SHulffle, as well as
in yeast K. phaffii. Conversely, samples treated with Ulpl displayed no
positive signal, as the Hisg-tag was linked to the N-terminal of the SUMO
tag. Importantly, protein detection occurred only when samples were
treated with DTT, suggesting inadequate exposure of the Hise-tag in the
three-dimensional structure. This finding likely influences purification
efficiency and highlights the need for optimization.

Table 2 summarizes the yield obtained from the different expression
systems and plasmids used in this study for the expression of a-cobra-
toxin. The use of the E. coli SHuffle system resulted in a higher yield
compared to the csCyDisCo system in BL21 (DE3) cells. Despite the
initial impression of superior performance by Hisg-SUMO compared to
Hise, a substantial portion of the yield was lost during the second pu-
rification. In this relation, it is crucial to highlight that the SUMO tag,
weighing more than the toxin itself, contributes to over 50% loss in mg
during tag removal. However, as illustrated in Fig. 1F, the tag removal
was not entirely complete. Notably, a-cobratoxin expressed solely with a
Hise-tag performed well in both E. coli systems, even without being
coupled to a solubility tag, and the expression of Hisg-a-cobratoxin in
K. phaffii resulted in a better yield compared to Hisg-a-cobratoxin
expressed in E. coli.

3.2. Characterization of the secondary structure of recombinant
a-cobratoxins

Assessment of the folding and secondary structure of the recombi-
nant o-cobratoxin samples was performed using CD spectroscopy,
comparing them with the structure of the native a-cobratoxin and a
denatured a-cobratoxin treated with 1 mM DTT and boiled at 95 °C for
20 min (Fig. 2).

The Far-UV CD spectra revealed important insights into the sec-
ondary structure of the proteins. The native a-cobratoxin shows spec-
trum characterized by a minimal value around 210 nm compatible with
a secondary structure rich in B-sheet structures, as expected by its 3D-
structure. It is also described that native a-cobratoxin shows a positive
ellipticity peak centered around 228 nm, which is pH sensitive and
believed to involve residues His18 and Tyr21, as well as the disulfide
bonds within the hydrophobic core (Hider et al., 1982). Both

Table 1
Theoretical molecular weight of the recombinant a-cobratoxin constructs.

a-cobratoxin MW before protease

cleavage (kDa)

MW after protease

construct cleavage (kDa)

Hisg-a-cobratoxin 8.8 -
Hisg-SUMO- 20.4 8.0
a-cobratoxin
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Table 2

Comparison of a-cobratoxin yields (mg per 1 L culture) using different
expression systems. The table presents the yield of a-cobratoxin obtained from
the use of different expression systems. The compared expression systems
include E. coli SHuffle cells, E. coli BL21 (DE3) with the c¢sCyDisCo plasmid, and
K. phaffii. The yield is reported in milligrams per liter of culture volume.

Expression system a-cobratoxin Yield (mg per 1 L culture)

construct After the first After protease
purification cleavage
E. coli BL21(DE3) Hisg-a-cobratoxin 1.0 -
with ¢sCyDisCo Hisg-SUMO- 7.2 0.6
a-cobratoxin
E. coli SHuffle Hisg-a-cobratoxin 1.5 -

Hisg-SUMO- 10.0 0.8
a-cobratoxin
Hisg-a-cobratoxin

K. phaffii 3.0 -

& -~ aCbtx
g - denat aCbtx
= His-BL21

"g His-SHuffle

x — SUMO-BL21
g SUMO-SHuffle
3 — K. phaffii

-

)

Wavelength [nm]

Fig. 2. CD spectra of the different a-cobratoxin constructs. The CD spectra
of the various a-cobratoxin constructs were analyzed and compared to the
native a-cobratoxin (aCbtx). It is important to note that despite the tag being
used as an identifier, the CD analysis was performed after tag removal by
protease cleavage with the samples displayed in Fig. 1G.

characteristic points disappear when the toxin is completely denatured
due to the action of reducing agents combined with heat, transforming
the spectrum into one with a relative minimum ellipticity value at 205
nm compatible with a disordered structure.

Fig. 1G indicates the presence of disulfide bonds in the recombinant
toxins produced in bacteria. However, the CD spectra for these con-
structs differ from the spectrum for the native a-cobratoxin. These dif-
ferences may suggest that even though the recombinant a-cobratoxins
produced in bacteria are forming disulfide bonds according to the
electrophoretic mobility shift in the presence and absence of DTT, an
unknown proportion of the total protein might not have the correct di-
sulfide pattern, affecting the secondary structure of the proteins.
Nevertheless, further experiments are needed to draw definitive con-
clusions in this regard.

The Hisg-a-cobratoxin produced and expressed in K. phaffii showed a
minimal ellipticity value at 212 nm and an intensity compatible with a
structure rich in p-sheets comparable to the native a-cobratoxin. How-
ever, the characteristic maximum value registered around 228 nm for
the native a-cobratoxin was not reproduced in the recombinant variant,
probably due to slight modifications in the environment of the involved
residues (His18 and Tyr21) or even the disposition of the disulfide bonds
within the hydrophobic core of the toxin.

3.3. Assessment of the activity of the toxins through binding to an a7-
acetylcholine receptor chimera

The binding capacity of the recombinant a-cobratoxins to the human
a7-acetylcholine receptor chimera was evaluated using DELFIA binding
assays. The purpose of this assessment was to determine if the recom-
binant toxins retained the ability to recognize and bind to the receptor
subunit. Binding experiments were conducted using the a-cobratoxin



A. Damsbo et al.

variants obtained from the different expression systems to compare their
binding profiles (Fig. 3).

All recombinantly expressed a-cobratoxins demonstrated the ability
to bind the a7 receptor in a manner similar to the native a-cobratoxin
control. This indicates that all the expressed toxins, regardless of the
conformational variability within the secondary structure level, main-
tained their recognition and interaction capabilities with the receptor.

The affinity of the Hisg- and SUMO-a-cobratoxins respectively
showed an average 2.6 and 4.1-fold decrease compared to native
a-cobratoxin,. Even though the CD spectrum of the K. phaffii Hise-
a-cobratoxin variant was more similar to native a-cobratoxin than the
BL21 (DE3) and SHuffle Hisg-a-cobratoxin variants, its binding ability to
the receptor did not better resemble that of native a-cobratoxin. This
suggests that although the conformations of the His¢-a-cobratoxins may
be different, they do not significantly impair the binding capability of
the toxin.

Taken together, these findings highlight that even though all the
assayed systems yield functional toxins, the K. phaffii-expressed Hise-
a-cobratoxin retained both its conformation and showed similar binding
as the a-cobratoxin purified from the natural source. On the other hand,
the recombinant a-cobratoxin variants produced in bacteria that have
undergone a proteolytic cleavage from the Hisg-SUMO tag exhibited a
decreased ECs( compared to the natural a-cobratoxin. These results thus
provide insights into the functional integrity of the studied recombinant
toxins and their suitability for further investigations and potential ap-
plications within toxinology and antivenom research.

4. Discussion

In this study, the expression of a-cobratoxin, a representative mem-
ber of the 3FTx family, was achieved using three different systems: E. coli
SHuffle cells, E. coli BL21 (DE3) with csCyDisCo, and K. phaffii. Each of
these systems offers distinct advantages and limitations, making the
choice of expression system dependent on the specific requirements of
the protein.

In terms of post-translational modifications, disulfide bond forma-
tion is a critical aspect for the proper folding and function of 3FTxs, such
as a-cobratoxin. However, despite the successful expression in all three
systems, none of them yielded a-cobratoxin that was identical to the
native variant. Nevertheless, the comparison of the different expression
systems yielded valuable insights. In E. coli SHuffle cells, the use of the
SUMO tag resulted in the highest titer, but inadequate cleavage during
purification led to a lower final yield. Moreover, it was critical to opti-
mize the concentration of DTT, necessary for protease cleavage using
Ulpl, otherwise, the reducing agent reduces the disulfide bonds in the
recombinant toxin. Even though the Hisg-tagged variants lacking a
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solubility partner showed lower yields in comparison with the Hise-
SUMO versions, the purification process was faster, as they do not need
to undergo a second purification step after cleavage. Thereby, the risk of
reducing the disulfide bonds during the proteolysis step is evaded. This
was confirmed by the different electrophoretic mobility assays per-
formed in the presence or absence of DTT. Notably, the electrophoretic
shift of the recombinant Hisg-a-cobratoxin can be observed regardless of
the bacterial system used for the expression (BL21 (DE3) or E. coli
SHuffle) which means that the both strains are comparable regarding
their capacity to form disulfide bonds.

The observed differences in CD spectra between the native a-cobra-
toxin and the recombinantly expressed toxins reveal that none of the
recombinantly expressed o-cobratoxin variants have a structural
conformation identical to the native protein purified from the natural
source. The SDS-PAGE analysis with and without DTT suggests that di-
sulfide bonds are formed in the recombinant a-cobratoxin variants.
However, we lack information about the specific disulfide pairs formed
in the recombinant systems. A single disulfide bond swap might lead to a
slightly different fold compared to the native toxin, thereby affecting the
overall secondary structure and causing the observed differences in the
CD spectra. However, due to the limitations of the secondary purifica-
tion process, drawing definitive conclusions about the folding proved
challenging. Even though the proteins appear to be pure in the analytical
SDS-PAGE (Fig. 1G), and the presence of unprocessed fusion proteins
being negligible according to the Western blot analysis (Fig. 1H), the CD
spectra may have also been affected by the presence of free fusion
proteins and other impurities that were not entirely removed from the
toxin samples. To establish a more conclusive assessment, further pu-
rification, and validation through e.g., size-exclusion chromatography or
HPLC would be necessary.

The proteins expressed in E. coli without fusion proteins exhibit a
folded structure with a similar fold to the one displayed by the processed
Hise-SUMO variants. This structure is characterized by a p-sheet
conformation consistent with the theoretical folding of a-cobratoxin.
Similarly, the proteins expressed in K. phaffii also show a folded struc-
ture comparable to the native toxin purified from crude venom. When
considering the CD spectrum of native a-cobratoxin, obtained through
purification from the natural source using chromatographic methods, it
is worth noting that the purified native a-cobratoxin exists as roughly
50% monomers and 50% dimers stabilized by intramolecular disulfide
bonds, which may further complicate the interpretation of CD spectra
and structural analyses of the recombinant toxins (Osipov et al., 2012;
Modahl et al., 2016). This complexity makes it challenging to attribute
the curvature of the CD spectrum solely to monomeric a-cobratoxin.
Therefore, interpreting the native a-cobratoxin spectrum requires
caution, considering the likelihood that it represents a mixture of at least

Sample ECse (pg/mL)
His-BL21 0.064 £ 0.011
-»- His-BL21
= His-SHuffle His-SHuffle 006220017
« SUMO-BL21
SUMO-BL21  0.108 £ 0.011
-+ SUMO-SHuffle
+ K. phaffii SUMO-SHuffle 0.095 £ 0.008
aCbtx
K. phaffi 0.066 £ 0.008
oCbix 002520003

Fig. 3. Binding of recombinant a-cobratoxins to the a7-subunit of nAChR. The a-cobratoxins expressed in the different expression systems were evaluated for
their ability to bind the a7-subunit of human nAChR. Even though the tag is written as the identifier, the DELFIA was conducted after tag removal by protease
cleavage. Native a-cobratoxin (aCbtx) was used as a positive control. The table presents the ECs, values with corresponding standard deviations obtained from

performing a nonlinear fit with a variable slope model.
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two isoforms. Notably, the SDS-PAGE analysis of the recombinant pro-
teins in the presence and the absence of DTT reveals that in the absence
of DTT, the toxins also appear in multimeric forms, highlighted by the
presence of bands with higher molecular weight, which disappear in the
presence of the reducing agent. However, it is complex to estimate the
proportion of multimeric structures present in the samples. It is also
possible that the recombinantly expressed proteins contain multiple
populations of a-cobratoxin variants with different disulfide bond pat-
terns, causing the actual correctly folded a-cobratoxin to be only a
fraction of the total polypeptides present. Therefore, further optimiza-
tion of the expression systems and purification methods should be
explored to enhance the formation of a correct disulfide bond pattern
and ensure the structural stability (Glanville et al., 2022).

Interestingly, a-cobratoxin expressed in bacteria or yeast solely with
a Hisg-tag displayed similar binding behavior to the a7 subunit of the
nAChR as the native a-cobratoxin, even though the ECs values were 2.6
times higher on average than the value registered for the toxin purified
from the natural source. However, according to the CD spectra, the
secondary structure of the Hisg-tagged recombinant toxin differed from
that of the native a-cobratoxin. This discrepancy might arise from the
presence of the Hise-tag, indicating that while the Hise-tagged toxins
maintain their binding capability, they may adopt a slightly altered
conformation. Toxins obtained via proteolytic cleavage from the SUMO
tag solubility partner exhibited an ECsg value approximately four times
greater than that of native a-cobratoxin. This reduction in binding af-
finity for the target receptor likely stems from an altered disulfide bond
pattern. While maintaining the overall structure, this variant fails to
replicate the three-dimensional fold necessary for optimal interaction
with its target.

Recombinant toxins have been utilized to advance immunization
strategies (Bermudez-Méndez et al., 2018), offering a means to obtain
pure and well-characterized toxins essential for antivenom development
against snake venoms (de la Rosa et al., 2018, 2019). Furthermore, ge-
netic engineering of snake toxins enables the exploration of new ther-
apeutic possibilities, exemplified by engineered toxin variants like
modified o-cobratoxin. Such approaches may thus help facilitate
experimentation with toxin scaffolds to explore the potential design of
non-toxic or less toxic versions with exploitable bioactive properties for
therapeutic purposes (Fonar et al., 2021; Oliveira et al., 2022).

In contrast to previous studies on the expression of 3FTxs, this study
highlights the challenges encountered in producing correctly folded
a-cobratoxin. Glanville et al. utilized HEK cells to produce various 3FTxs
and demonstrated their utility as antigens in phage display experiments
(Glanville et al., 2022). Similarly, Liu et al. employed E. coli BL21 (DE3)
and Rosetta (DE3) to express 3FTxs fused to DsbC and demonstrated that
they could be used as immunogens to generate polyclonal sera that could
neutralize whole venoms from three different cobras (Liu et al., 2021).
While the correct folding of the toxin might be less crucial for immu-
nizations, where the antigen undergoes processing by the immune sys-
tem, there is no such processing involved in antibody phage display
selection experiments. The successful selection of high-affinity anti-
bodies depends almost entirely on molecular recognition, and, there-
fore, the correct folding of both toxin and antibody fragment is critical.
Even though antibodies are known to also recognize linear epitopes, for
in vitro display-based discovery approaches, structural integrity, correct
folding, and post-translational modifications play an important role.

In conclusion, this study highlights the potential of recombinant
toxin expression as a reliable and scalable source of protein-based
toxins, thereby providing new opportunities to study venomous organ-
isms and conduct research within toxinology and antivenom develop-
ment. The choice of optimal expression system is crucial and should be
done with the final application of the toxin variant to be expressed in
mind. Further optimization of the protocols described here is needed to
ensure that they deliver correctly folded toxins that retain proper
recognition and binding to their target. Nevertheless, we hope that the
methods and data presented can aid researchers who aim to express and
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investigate a-cobratoxins, 3FTxs, and variants thereof.
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