
Submitted 18 January 2017
Accepted 11 May 2017
Published 22 June 2017

Corresponding author
Lorena Vázquez-Iglesias,
lorena.vazquez@uvigo.es

Academic editor
Jerson Silva

Additional Information and
Declarations can be found on
page 12

DOI 10.7717/peerj.3407

Copyright
2017 Vázquez-Iglesias et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

A simple electroelution method for
rapid protein purification: isolation and
antibody production of alpha toxin from
Clostridium septicum
Lorena Vázquez-Iglesias1, Borja Estefanell-Ucha1, Leticia Barcia-Castro1,
María Páez de la Cadena1, Paula Álvarez-Chaver2, Daniel Ayude-Vázquez1 and
Francisco Javier Rodríguez-Berrocal1

1Department of Biochemistry, Genetics and Immunology, Facultad de Biología, Universidad de Vigo, Vigo,
Spain

2Unidad de Proteómica, Servicio de Determinación Estructural, Proteómica y Genómica, CACTI,
Universidad de Vigo, Spain

ABSTRACT
Clostridium septicum produces a number of diseases in human and farm animals which,
in most of the cases, are fatal without clinical intervention. Alpha toxin is an important
agent and the unique lethal virulent factor produced byClostridium septicum.This toxin
is haemolytic, highly lethal and necrotizing activities but is being used as an antigen
to develop animal vaccines. The aim of this study was to isolate the alpha toxin of
Clostridium septicum and produce highly specific antibodies against it. In this work,
we have developed a simple and efficient method for alpha toxin purification, based
on electroelution that can be used as a time-saving method for purifying proteins.
This technique avoids contamination by other proteins that could appear during other
protein purification techniques such chromatography. The highly purified toxin was
used to produce polyclonal antibodies. The specificity of the antibodies was tested by
western blot and these antibodies can be applied to the quantitative determination of
alpha toxin by slot blot.
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INTRODUCTION
Clostridium is spore forming, Gram-positive and anaerobic (although some species are
microaerophilic). Fourteen species that are clearly or potentially pathogenic produce
biologically active proteins (toxins), which are responsible for their pathogenicity; some
of them are fatal (Hatheway, 1990). Clostridium can affect the muscle and subcutaneous
tissues of cattle, sheep, goats and other animal species (Rahman et al., 2009).

Clostridium septicum is a pathogen which can cause various disease syndromes in
animals and humans. However, animal disease syndromes are slightly less understood
than in humans (Tweten, 2001). C. septicum is the primary etiological agent of a traumatic
clostridial myonecrosis, a rapidly fulminating and frequently fatal necrotic disease of the
human musculature and was found to be a major cause of gas gangrene due to infection of
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war wounds (Tweten, 2001). Evidence tends to implicate C. septicum as the causative agent
of neutropenic enterocolitis (Mirza, McCloud & Cheetham, 2009; Asciutto et al., 2007; King
et al., 1984). In animals, wound infections (including castration, docking and partum) are
calledmalignant edema (also known as ‘false’ black quarter, clostridialmyonecrosis, and gas
gangrene) leading to death within 24 h (Rahman et al., 2009; Songer, 1998). It also produces
enteric infections in sheep, known as braxy or bradsot, a fatal bacteremia of the abomasum,
causing heavy mortality and important economic loss (reviewed in Songer (1996)).

C. septicum produces four extracellular toxins: alpha, beta, gamma and delta (Amimoto
et al., 2002; Ballard et al., 1992; Ballard et al., 1995). The alpha toxin is the only known
virulence factor of C. septicum, a pore-forming toxin that belongs to the aerolysin family of
extracellular toxins (Tweten, 2001; Popoff & Bouvet, 2009; Melton-Witt, Bentsen & Tweten,
2006; Diep et al., 1999). The alpha toxin may be closely associated with the disease, and
several studies suggest that this toxin may play an important role in the rapidly fatal disease
syndromes of Clostridium septicum.

C. septicum alpha toxin is secreted as an inactive protoxin of 46 kDa that binds to GPI-
anchored proteins on the target cell. The bound monomers require proteolytic activation
by host proteases, which yield a cytolytically active form that oligomerize into a heptameric
complex that inserts into the cellular membrane to form a β-barrel pore (Melton et al.,
2004). Small pore-forming toxins have a range of effects on the target cell, and alpha toxin
is known to have lytic and vacuolating properties (Knapp et al., 2010; Hang’ombe et al.,
2004; Wichroski et al., 2002) and is remarkably similar to aerolysin in function (Sellman &
Tweten, 1997).

For the detection of C. septicum toxins several commercial antibodies have been
developed so far, but unfortunately none of them are specific enough to detect only the
alpha toxin. Since this toxin is the unique lethal virulence factor produced by C. septicum,
and due to its industrial interest (Songer, 1996;Cooper, Songer & Uzal, 2013), it is important
to develop new and highly specific antibodies that could be used to characterize the protein
and design new quantitative methods.

Previous studies have evaluated the isolation of purified alpha-toxin of C. septicum and
production of polyclonal antibodies against this toxin (Ballard et al., 1992; Vahid et al.,
2011). In this study we have developed an efficient, cost-effective and simple method for
alpha toxin protein purification based on an electroelution technique. The purified protein
was used as immunogen to obtain rabbit polyclonal antibodies. According to our results,
the polyclonal antibodies obtained can successfully and specifically detect the alpha toxin
of C. septicum by western and slot-blot techniques. This approach has not been previously
reported for C. septicum alpha toxin purification.

MATERIALS AND METHODS
Bacterial strain media and culture conditions
Culture of C. septicum was grown anaerobically at optimum temperature for 7 h in specific
medium composed of peptones, proteins, glucose and purified water at pH 7.2. Culture
supernatant was harvested by centrifuging the cultures at 1,500 g for 30 min at 4 ◦C.
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Gel electrophoresis and immunoblot procedures
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Laemmli, 1970) in a 7–10% resolving gel. All samples were diluted into sam-
ple buffer that contained 5% β-mercaptoethanol and then heated at 95 ◦C for 5 min. Gels
were either Coomassie Brilliant Blue R-250 or OrioleTM stained, or blotted. Native-PAGE
discontinuous gel electrophoresis was performed in a 6% resolving gel. Gel and reservoir
buffer did not contain SDS. The sample was prepared in sample buffer without β-
mercaptoethanol, SDS or heating. Samples were loaded and an appropriate voltage was
stetted (normally 180 V approximately 1 h) to run the electrophoresis.

For immunoblot analysis, proteins that were separated by SDS-PAGE or Native-PAGE
were transferred onto polyvinylidene difluoride (PVDF) membranes (Immobilo-P; Merck
Millipore, Darmstadt, Germany) according to the manufacturer’s protocols. After transfer,
PVDFmembranes were blocked with 5%non-fat drymilk in PBS-0.1%Tween 20 (blocking
solution). After 60min, the primary antibodies were diluted in blocking solution and added
to the PVDF membrane. After one hour and half incubation at room temperature, the blot
was washed three times for 5 min each time with blot wash buffer (PBS-0.1% Tween 20) to
remove unbound antibody. The blot was then incubated for 45 min with the appropriate
secondary conjugate antibody (Anti-Rabbit IgG (whole molecule)-Alkaline Phosphatase-
A3812; Sigma-Aldrich, St. Louis, MO, USA) diluted 1:15,000 in blocking solution. The
bands recognized by the primary antibody were visualized by using a BCIP/NBT substrate
(Roche Pharma, Madrid, Spain), according to manufacturer’s instructions, for 5 min to
allow colour development. Blots were digitized with a calibrated densitometer (GS-800;
Bio-Rad, Madrid, Spain) and images were analyzed with Quantity One 4.4.1 software
(Bio-Rad, Madrid, Spain).

Identification of bands by mass spectrometry
For identification, protein bands were cut out from OrioleTM stained gels and destained
sequentially with ammonium bicarbonate (AmBic) 25 mM and 50% ACN/AmBic 25
mM. Proteins were reduced by treatment with 10 mM DTT (dithiothreitol) for 1 h at
56 ◦C, and alkylated with 55 mM IAA (iodoacetamida) for 30 min at room temperature.
Samples were dried and digested with 40 ng of modified porcine trypsin (Promega
Biotech, Madrid, Spain) in 25 mM AmBic at 37 ◦C overnight. After digestion, peptides
were eluted first with 0.5% (v/v) TFA for 30 min at room temperature and second with
100% (v/v) ACN (acetonitrile) for 15 min at 37 ◦C. Finally 3 µL of digests were applied
onto a disposable AnchorchipTM MTP-sized MALDI target prespotted with HCCA (α-
cyano-4-hydroxycinnamic acid) matrix (Bruker Daltonics, Madrid, Spain), and analyzed
by matrix-assisted laser desorption/ionization-time of flight tandem mass spectrometry
(MALDI-TOF/TOF) with an Autoflex III smartbeam (Bruker Daltonics, Madrid, Spain)
in positive ion reflector mode. Samples were also analyzed by high-performance liquid-
chromatography (HPLC), with an UltiMate3000 (Dionex), coupled to a FTICR Apex-Qe
(Bruker Daltonics, Madrid, Spain) to perform nano-electrospray fourier transform ion
cyclotron resonance mass spectrometry (nESI-FTICR). Data were generated in PKL and
mgf file formats with FlexAnalysis 3.0 and DataAnalysis 4.0 softwares (Bruker Daltonics,
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Madrid, Spain), for MALDI-TOF/TOF and HPLC-nESI-FTICR methods respectively,
and then submitted for database searching against SwissProt 56.6 (405506 sequences;
146166984 residues) and NCBInr 20070216 (4626804 sequences; 1596079197 residues)
databases by BioTools 3.0 software (Bruker Daltonics, Madrid, Spain) through the version
2.2.04 of MASCOT search engine (Matrix Science, London, UK). Search parameters were
set as follows: taxonomy Bacteria/Firmicutes; enzyme trypsin; allowance of one missed
cleavage site; carbamidomethyl of cysteine as fixed modification; oxidation of methionine
as variable modification; monoisotopic mass values; 100 ppm (MALDI) or 6 ppm (ESI) of
mass tolerance for precursor ions; 0.5 Da (MALDI) or 0.01 Da (ESI) of mass tolerance for
fragment ions and protein mass unrestricted.

Electroelution device and procedure
After separation by SDS-PAGE in four 7% resolving gels of 1.5 mm, the band representing
the high-molecular-weight complex was excised from the gel using a sharp disposable blade
and subjected to electroelution in the presence of SDS by using an electroeluter (Model 422;
Bio-Rad, Madrid, Spain). Proteins were electroeluted for 3 h at room temperature using
elution buffer (25 mM Tris–HCl, pH 8.3, 192 mM glycine, containing 0.1% (w/v) SDS),
following the manufacturer’s instructions. In order to remove SDS from the preparation,
the elution procedure was continued for another 2 h using fresh elution buffer without
SDS. After that, the protein was recovered in a minimal amount of the same buffer and
concentrated using an Amicon R©Ultra-15 (Ultracel R©-10K; Merck Millipore, Darmstadt,
Germany). The purity of protein was checked by SDS–PAGE and the presence of protein
complexes was analyzed by 7% SDS-PAGE. The identity of the purified protein was
confirmed by mass spectrometry.

Protein estimation
The concentration of soluble proteins was determined according to the method of Bradford
(1976).The optical density was read at 595 nm and the amount of protein was calculated
by using BSA (Sigma Aldrich, Madrid, Spain) as standard.

Rabbit polyclonal antibody production
Three New Zealand White rabbits were injected five times subcutaneously with 100 µg
of purified alpha toxin oligomer of C. septicum and a water soluble adjuvant (incomplete
Freund’s adjuvant). The first dose was double following a co-injection protocol (two
consecutive injections, one on each side of the belly). The third, fourth and fifth injections
were performed every two weeks. Two months after the initial immunization the animals,
properly anesthetized with ketamine plus xylacina, were bled by cardiac puncture. The
blood was allowed to clot for 24 h at 4 ◦C, and the serum was collected after centrifugation.
Euthanasia of anesthetized animals was for cerebral concussion (blunt blow to the head).
Before removing the bodies, cessation of vital signs and appearance of rigor mortis was
tested. Daily monitoring protocol per animal was covered, using the proposed model
by Morton & Griffiths (1985). The supervision protocol establishes recommendations of
analgesia and endpoint application. It can be said that it was not necessary in any case
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because no animal got a score > 5 monitoring protocols. Although endpoint criteria were
established, it was not necessary to apply.

All experiments were performed under the guidelines of the European Community for
animal use for scientific purpose (2010/60/UE). The handling procedures and sampling
frequency were designed to reduce stress and health risks for subjects according to Spanish
laws (RD53/2013). Favourable report from the Ethics Committee of Animal Welfare was
obtained and was notified as required by current legislation (RD 1201/2005). The antibody
was produced by CZ Veterinaria S.A. (36400 Porriño-Pontevedra; Spain).

Immunoblot analysis were made for evaluation of antibody specificity Sample of protein
purified and indentified as alpha toxin of C. septicum was used for this assay and was
consider a positive control.

Slot blot immunoassay
For slot blotting, 0.2 mL of each sample was applied to a slot blot manifold Bio-Dot SF 48
well slot format apparatus (Bio-Rad, Madrid, Spain) and drawn by vacuum through a pre-
wetted polyvinylidene fluoride (PVDF)membrane. Unboundmembrane sites were blocked
for 1 h with 5% non-fat dry milk in PBS containing 0.1% Tween-20 (blocking solution),
and the membrane was then incubated 90 min at room temperature with a 1:10,000
dilution of rabbit anti-C. septicum alpha toxin antiserum diluted in blocking solution.
The membrane was washed three times with blot wash buffer (PBS-0.1% Tween 20), and
incubated 45 min at room temperature with a 1:15,000 dilution of alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin G (Sigma Aldrich, Madrid, Spain) diluted
in blot wash buffer. Again, the membrane was washed three times with blot wash buffer.
Bands were visualized using BCIP/NBT (Roche Pharma, Madrid, Spain), according to the
manufacturer’s instructions. Blots were digitized with a calibrated densitometer (GS-800;
Bio-Rad, Madrid, Spain) and the intensity of each band on the slot blot was measured
using Quantity One 4.4.1 software (Bio-Rad, Madrid, Spain). A four-parameter logistic
function (4PL) was used for calculating the alpha toxin concentration (Wild, 2013) using
theMaterPlex Reader Fit software (MiraiBio Group; Analysis Software for the Life Sciences;
Hitachi Solutions America, Ltd., San Bruno, CA, USA).

RESULTS
Identification of Clostridium septicum alpha toxin protein
Proteins secreted into extracellular medium by C. septicum were separated according to
their molecular mass by SDS-PAGE as described above (Fig. 1). The most abundant bands
were cut off the gel and submitted to mass spectrometry analysis for protein identification.
The identity of proteins achieved either by MALDI-TOF/TOF or HPLC-nESI-FTICR is
summarized in Table 1. The protein profile analyses of samples revealed the presence of
different proteins, all of them belonging to C. septicum. Three of them were identified as
C. septicum alpha toxin: a high molecular weight protein (greater than 200 kDa) and two
proteins of about 49 kDa and 43 kDa (see Fig. 1A: band 1, 10 and 11, respectively).

We also analyzed the protein profile of C. septicum secreted proteins by Native-PAGE
(6% resolving gel), in order to test the alpha toxin in its native state. As shown in Fig. 1B,
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Figure 1 Protein profile of Clostridium septicum extracellular medium. (A) SDS-PAGE analysis by
Coomassie Brilliant Blue R-250 stained. (B) Non-denaturing Native-PAGE analysis by Coomassie Brilliant
Blue R-250 stained. Protein bands 1–17 were cut and analyzed by MS/MS. kDa indicates migration of the
protein markers.

after Coomassie Brilliant Blue R-250 stain, a clear band greater than 260 kDa was observed
(band 17). This band was identified by mass spectrometry as C. septicum alpha toxin and
we concluded that corresponds to its oligomeric form. The few protein bands observed
between 260 and 95 kDa molecular weight range (see Fig. 1A) appeared as a faint smear in
native conditions (Fig. 1B).

Purification of alpha toxin oligomer for polyclonal antibodies produc-
tion
For antibody production, the band corresponding to the alpha toxin oligomeric form
(band 1) was excised from the gel after resolving secreted proteins of C. septicum by
SDS-PAGE. Protein purification was carried out through the active elution from gel pieces
using the electroelution device as described in ‘Material and Methods’ section. Analytical
electrophoresis of the electroeluted protein was performed in order to confirm the purity
of the alpha toxin (Fig. S1). After electroelution the purified alpha toxin was concentrated
by Amicon R©Ultra-15, yielding approximately 2.5 mg of total alpha toxin. About 0.5 mg of
purified protein was injected into each rabbit and after two months the animals were bled.
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Table 1 List of protein identified byMALDI-TOF/TOF or HPLC-nESI-FTICR in Clostridium septicum extracellular medium.

Banda Mr
b (kDa) MSmethodc Protein name SwissProt/NCBInr

accession number
Function

1, 17 >200 MALDI Alpha toxin Q53482/452163/89257968 Pathogenesis
2 165.3 ESI Hypothetical protein CPE1875 Q8XJ86/18310857 –
3 128.8 ESI Pyruvate-flavodoxin oxidoreductase WP_011969176.1 Oxidoreduction
4 111.1 MALDI/ESI Collagenase Q84IM7/28557072 Digestion of collagen
5 83.3 ESI Formate acetyltransferase Q8XL89/18310135 Glucose metabolic process
6 83.3 ESI Formate acetyltransferase Q8XL89/18310135 Glucose metabolic process
7 60 ESI 60 kDa chaperonin Q0PVX4/110555138 Chaperone
8 56.7 MALDI/ESI 2,3-bisphosphoglycerate-independent

phosphoglycerate mutase
Q0STD7/110803633 Catalyzes interconversion of

2-phosphoglycerate and
3-phosphoglycerate

9 60.3 ESI Formate-tetrahydrofolate ligase Q8XHL4/489554783 Tetrahydrofolate
interconversion

10 49.7 MALDI/ESI Alpha toxin
Glucose-6-phosphate isomerase

Q53482/452163
Q8XI54/489557801

Pathogenesis; Carbohydrate
degradation & glycolysis

49.9 Alpha toxin Q53482/452163 Pathogenesis
42.0 Flagellin protein FliA(S) Q8RRA0/19910961 Ciliary or flagellar motility11

41.0

MALDI/ESI

Thiolase 82747493 Acyltransferase
35.5 Hypothetical protein CPE1232 Q8XL10/18310214 –
38.1 UDP-4-dehydro-6-deoxy-2-acetamido-

D-glucose 4-reductase
Q893U5/28211366 Lyase and oxidoreductase

activities;
42.0 Flagellin protein FliA(S) Q8RRA0/19910961 Ciliary or flagellar motility;

12

41.0

ESI

Thiolase 82747493 Acyltransferase
13 30.5 MALDI/ESI 3-hydroxybutyryl-coA dehydrogenase A0Q2T9/118443750 Oxidoreductase
14 30.5 ESI 3-hydroxybutyryl-coA dehydrogenase A0Q2T9/118443750 Oxidoreductase

25.1 Hypothetical protein CPE1233 Q8XL09/18310215 –
15

30.4
ESI

Fructose-bisphosphate aldolase Q97KT9/15894114 Glycolysis
Triosephosphate isomerase Q64G20/52082975 Isomerase

16 MALDI/ESI
Hypothetical protein CPE1233 Q8XL09/18310215 –

Notes.
aBand number as stated in Fig. 1.
bTheoretical molecular mass (kDa) taken from the UniProtkB entry.
cType of ionization used for mass spectrometry.

Evaluation of the Clostridium septicum alpha toxin polyclonal
antibodies by western-blot technique
For evaluation of antibody specificity, the anti-C. septicum alpha toxin rabbit antiserum
was subjected to immunoblot analyses. Samples of proteins secreted by C. septicum culture
were used for these assays. As shown in Fig. 2A, the antiserum detected two bands of
approximately 43 kDa and a higher band greater than 200 kDa. We also tested the
antiserum under native conditions, detecting a strong smear over 200 kDa (Fig. 2B). In
addition, we also evaluated the result obtained with the C. septicum antitoxin antiserum
purchased from NIBSC and we could prove that this second antibody recognized a lot
of non-specific proteins (Fig. 2C). Finally, we assessed the specificity of our antibody
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Figure 2 Western blot analysis of the Clostridium septicum extracellular medium using our anti-
Clostridium septicum alpha toxin and the Clostridium septicum (Gas-Gangrene) antitoxin (NIBSC
code: VI). (A) SDS-PAGE and western blot analysis using anti-C. septicum alpha toxin. (B) Native-PAGE
and western blot analysis using anti-C. septicum alpha toxin. (C) SDS-PAGE and western blot analysis
using the C. septicum (Gas-Gangrene) antitoxin (NIBSC code: VI). kDa indicates migration of the protein
markers. The arrows indicate alpha toxin. A total of 3 µg of total protein per lane were loaded.

regarding other Clostridium spp. extracellular culture samples: C. perfringens type D, C.
haemolyticum, C. tetani and C. sordellii and interestingly no reaction was observed (Fig. 3).

Evaluation of the Clostridium septicum alpha toxin polyclonal
antibodies by slot-blot technique
In order to evaluate the efficacy of the antibody to recognize the purified toxin, we used
the slot-blot technique. The oligomeric form of alpha toxin was purified as mentioned in
‘Materials and Methods’ and concentrated up to 62 µg/mL, which was used as starting
solution to generate protein loadings ranging from 13 ng/mL to 207 ng/mL. As shown in
Fig. 4A, the intensities of the blot decrease proportionally with decreasing concentrations
of alpha toxin. Figure 4B shows that the concentration of the antigen plotted on x axis is
proportional to the OD values (y axis). A linear relationship between optical density and
protein concentration was verified by linear regression analyses, which gave a correlation
coefficient of 0.9931 (from 13 ng/mL to 124 ng/mL). The 4-parameter logistic (4PL) model
was used for the calibration curve fitting. The curve demonstrates a very good fitting, as
revealed by R2

= 0.995, with all concentrations of purified alpha toxin assayed (Fig. 4C).
We also tested the specificity of this antibody with the culture medium and PBS and no
specific binding was detected (Fig. 4A).
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Figure 3 Analysis of the specificity of the anti-Clostridium septicum alpha toxin by western blotting
with other Clostridium spp. Lane 1 extracellular medium of C. septicum Lane 2 extracellular medium of
C. perfringens type D, Lane 3 extracellular medium of C. haemolyticum, Lane 4 extracellular medium of
C. tetani and Lane 5 extracellular medium of C. sordellii. Lane M indicates migration of protein molecu-
lar weight markers (kDa). The arrows indicate alpha toxin. A total of 3 µg of total protein per lane were
loaded.

DISCUSSION
For studies related with C. septicum alpha toxin, either for research or in industry, the
WHO International Standard C. septicum Antitoxin purchased from the NIBSC is used
worldwide. We could corroborate by western blot that this antiserum recognized different
proteins in C. septicum cultures, besides alpha toxin. Therefore, in the present work, we
provided a purification method of C. septicum alpha toxin that allowed us to obtain highly
specific antibodies against this antigen.

First, we resolved culture samples by SDS-PAGE and subsequently the proteins were
detected with OrioleTM staining. We chose Oriole fluorescent gel stain because it consists
in a one-step room temperature staining protocol (without prior fixing or subsequent
destaining steps) and is fully compatible with downstream mass spectrometry analysis
(Thulasiraman &Waker, 2010). Mass spectrometry allowed us to identify C. septicum
alpha toxin in three of the visualized bands. The most intense band is about 43 kDa and
corresponds to the monomer of the alpha toxin, in agreement with a previous study where
alpha toxin was purified as a basic protein of approximately 48 kDa (Ballard et al., 1992).
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Figure 4 Slot blot analysis for the quantification of different concentrations of purified alpha toxin.
(A) Several concentrations of purified alpha toxin were analyzed using the protocol detail in ‘Material and
Methods’. The culture medium and PBS serve as a negative control. (B) This figure shows the linear re-
lationship between optical density and protein concentration gave a correlation coefficient of 0.9931. (C)
The logarithm concentration of the alpha toxin was plotted on x axis and the O.D. values were plotted in
y axis. The 4-parameter logistic (4PL) model was used for the calibration curve. A very good fitting, R2

=

0.995, was demonstrated.

We have also identified the oligomeric form (SDS and β-mercaptoethanol resistant) with a
molecular weight greater than 200 kDa and a faint protein band of about 49 kDa. Ballard et
al. (1992) described two different proteins that were immunologically related to alpha toxin
that were always present in purified preparations. One of these proteins was approximately
4–5 kDa smaller than the alpha toxin and the other one was six or seven times greater than
alpha toxin. These data are in perfect agreement with our results.

In order to do further biological studies, we decided to purify alpha toxin. We chose its
oligomeric form because the subunit interactions within a multimeric protein are generally
retained (Janin, Bahadur & Chakrabarti, 2008;Nooren & Thornton, 2003). Purification was
achieved using an electroelution method that allowed us a rapid and quantitative elution
of proteins from denaturing gels. This method can be run as a preparative or an analytical
mode since both yield biologically active material, such as proteins (Seelert & Krause, 2008),
nucleic acids (Symons & Clarkson, 1988) and oligosaccharides (Al-Hakim & Linhardt,
1990). The only prerequisite for electroelution is that the molecule of interest can move in
an electric field (Persidis & Harcombe, 1992). It is an efficient and reproducible method that
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could be used as a routinemethod for elutingmultiple protein bands, allowing considerable
time saving. It is simple, fast, and cost-effective; it does not need an expensive apparatus
and reagents, and does not require prior knowledge of the protein characteristics. This
technique is applicable not only to soluble proteins but also to membrane-bound proteins
and it is applicable to raise antibodies as well (Ohhashi et al., 1991). In addition, purification
of proteins, particularly toxins, based on electroelution has been successfully implemented
in previous studies (Borowiec et al., 2016; Hewlett et al., 1989). The small recovery volume
makes the samples easy to handle, and several samples should be eluted simultaneously to
yield large amounts of protein. As other authors (Ohhashi et al., 1991), we could readily
obtain milligram amounts of proteins with this method, enough to raise antibodies.

Once the polyclonal antibodies againstC.septicum alpha toxin were obtained, the western
blot technique was used to examine the specificity of the antiserum in different samples.We
concluded that this antibody only recognizes two different forms of alpha toxin (monomer
and oligomer) in culture samples under denaturing conditions and the oligomer form in
native gels. It is important that the antibody can recognize alpha toxin in a native state
in order to be used in the future in techniques such as slot blot. In immunoquantitative
methods, proteins are in native state so alpha toxin would be in the oligomeric form.

Besides, we could prove that our antiserum does not recognize any proteins in cultures
of C. perfringens type D, C. haemolyticum, C. tetani and C. sordellii.

Because of the fact that we had obtained a very specific antibody, the next step was to
prove if it could be used to detect and quantify C. septicum alpha toxin. For this purpose,
we used the immunoquantitative slot blot technique, confirming that this antibody was
able to recognize small amounts of purified alpha toxin. This method is simple, faster and
more sensitive than the western blot and due to its high sensitivity, accuracy and ease of use,
this assay can be comparable with other immunoassays such as ELISA (Zhu, Saul & Miles,
2005; Li et al., 2010). Due to these advantages, this assay was previously reported for the
detection and quantification of other toxins as Clostridium botulinum neurotoxin (Cadieux
et al., 2005) or yessotoxins produced by dinoflagellates (Pierotti et al., 2007). In addition,
this technique could be used for specific detection of native multi-subunit proteins (Burke
& Barik, 1998) and allows the detection of the expression of toxins directly from culture
supernatants without any previous treatment (Vilhena-Costa et al., 2006; Bellini et al., 2005;
Navarro-García et al., 1998).

In conclusion here we show that identification of proteins by mass spectrometry after
SDS-PAGE separation coupled to the electroelution technique is an easy, rapid and
cost-effective technique to purify the alpha toxin from C. septicum. Besides, we were able
to obtain a specific antibody against the C. septicum alpha toxin that can be used in the
western blot and slot blot assays. This methodology could serve to purify other types of
toxins and proteins.

ACKNOWLEDGEMENTS
We are grateful to CZ Veterinaria for providing the samples.

Vázquez-Iglesias et al. (2017), PeerJ, DOI 10.7717/peerj.3407 11/16

https://peerj.com
http://dx.doi.org/10.7717/peerj.3407


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was partially supported by FEDER grants (CN 2011/024), Xunta de Galicia
(PGIDIT06BTF009E), Centro para el Desarrollo Tecnológico Industrial (CDTI-IDI-
20110745), and CZ Veterinaria. There was no additional external funding received for this
study. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
FEDER: CN 2011/024.
Xunta de Galicia: PGIDIT06BTF009E.
Centro para el Desarrollo Tecnológico Industrial: CDTI-IDI-20110745.
CZ Veterinaria.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Lorena Vázquez-Iglesias conceived and designed the experiments, performed the
experiments, analyzed the data, wrote the paper, prepared figures and/or tables, reviewed
drafts of the paper.
• Borja Estefanell-Ucha and Leticia Barcia-Castro performed the experiments, analyzed
the data.
• María Paez de la Cadena conceived and designed the experiments, analyzed the data,
wrote the paper, prepared figures and/or tables, reviewed drafts of the paper.
• Paula Álvarez-Chaver performed the experiments, contributed reagents/materials/anal-
ysis tools.
• Daniel Ayude-Vázquez contributed reagents/materials/analysis tools, reviewed drafts of
the paper.
• Francisco Javier Rodríguez-Berrocal conceived and designed the experiments, wrote the
paper, reviewed drafts of the paper.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All experiments were performed under the guidelines of the European Community for
animal use for scientific purpose (2010/60/UE). The handling procedures and sampling
frequency were designed to reduce stress and health risks for subjects according to Spanish
laws (RD53/2013). Favourable report from the Ethics Committee of Animal Welfare was
obtained and was notified as required by current legislation (RD 1201/2005).

Vázquez-Iglesias et al. (2017), PeerJ, DOI 10.7717/peerj.3407 12/16

https://peerj.com
http://dx.doi.org/10.7717/peerj.3407


Data Availability
The following information was supplied regarding data availability:

The raw data has been uploaded as Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.3407#supplemental-information.

REFERENCES
Al-Hakim A, Linhardt RJ. 1990. Isolation and recovery of acidic oligosaccharides

from polyacrylamide gels by semi-dry electrotransfer. Electrophoresis 11:23–28
DOI 10.1002/elps.1150110106.

Amimoto K, Ohgitani T, Sasaki O, Oishi E, Katayama S, Isogai M, Ota S. 2002.
Protective effect of Clostridium septicum alpha-toxoid vaccine against challenge
with spores in guinea pigs. Journal of Veterinary Medical Science 64:67–69
DOI 10.1292/jvms.64.67.

Asciutto G, Geier B, Marpe B, Hummel T, Mumme A. 2007. A case of contained
ruptured aortitis due to Clostridium septicum infection in a patient with a colon
malignancy. Chirurgia Italiana 59:743–746.

Ballard J, Bryant A, Stevens D, Tweten RK. 1992. Purification and characterization
of the lethal toxin (alpha-toxin) of Clostridium septicum. Infection and Immunity
60:784–790.

Ballard J, Crabtree J, Roe BA, Tweten RK. 1995. The primary structure of Clostrid-
ium septicum alpha-toxin exhibits similarity with that of Aeromonas hydrophila
aerolysin. Infection and Immunity 63:340–344.

Bellini EM, EliasWP, Gomes TA, Tanaka TL, Taddei CR, Huerta R, Navarro-Garcia F,
Martinez MB. 2005. Antibody response against plasmid-encoded toxin (Pet) and the
protein involved in intestinal colonization (Pic) in children with diarrhea produced
by enteroaggregative Escherichia coli. FEMS Immunology and Medical Microbiology
43:259–264 DOI 10.1016/j.femsim.2004.08.008.

Borowiec M, Gorzkiewicz M, Grzesik J, Walczak-Drzewiecka A, Salkowska A, Ro-
dakowska E, Steczkiewicz K, Rychlewski L, Dastych J, Ginalski K. 2016. Towards
engineering novel PE-based immunotoxins by targeting them to the nucleus. Toxins
8(11):321 DOI 10.3390/toxins8110321.

BradfordMM. 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry 72:248–254 DOI 10.1016/0003-2697(76)90527-3.

Burke E, Barik S. 1998. Specific detection of native multi-subunit proteins by slot-blot
assay. Biotechniques 25:574–582.

Cadieux B, Blanchfield B, Smith JP, Austin JW. 2005. A rapid chemiluminescent slot
blot immunoassay for the detection and quantification of Clostridium botulinum
neurotoxin type E, in cultures. International Journal of Food Microbiology 101:9–16
DOI 10.1016/j.ijfoodmicro.2004.10.038.

Vázquez-Iglesias et al. (2017), PeerJ, DOI 10.7717/peerj.3407 13/16

https://peerj.com
http://dx.doi.org/10.7717/peerj.3407#supplemental-information
http://dx.doi.org/10.7717/peerj.3407#supplemental-information
http://dx.doi.org/10.7717/peerj.3407#supplemental-information
http://dx.doi.org/10.1002/elps.1150110106
http://dx.doi.org/10.1292/jvms.64.67
http://dx.doi.org/10.1016/j.femsim.2004.08.008
http://dx.doi.org/10.3390/toxins8110321
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/j.ijfoodmicro.2004.10.038
http://dx.doi.org/10.7717/peerj.3407


Cooper KK, Songer JG, Uzal FA. 2013. Diagnosing clostridial enteric disease in poultry.
Journal of Veterinary Diagnostic Investigation 25(3):314–327
DOI 10.1177/1040638713483468.

Diep DB, Nelson KL, Lawrence TS, Sellman BR, Tweten RK, Buckley JT. 1999. Expres-
sion and properties of an aerolysin-Clostridium septicum alpha toxin hybrid protein.
Molecular Microbiology 31:785–794 DOI 10.1046/j.1365-2958.1999.01217.x.

Hang’ombeMB, MukamotoM, Kohda T, Sugimoto N, Kozaki S. 2004. Cytotox-
icity of Clostridium septicum alpha-toxin: its oligomerization in detergent re-
sistant membranes of mammalian cells.Microbial Pathogenesis 37:279–286
DOI 10.1016/j.micpath.2004.09.001.

Hatheway CL. 1990. Toxigenic clostridia. Clinical Microbiology Reviews 3:66–98
DOI 10.1128/CMR.3.1.66.

Hewlett EL, Gordon VM,McCaffery JD, SutherlandWM, GrayMC. 1989. Adenylate
cyclase toxin from Bordetella pertussis. Identification and purification of the
holotoxin molecule. Journal of Biological Chemistry 264(32):19379–19384.

Janin J, Bahadur RP, Chakrabarti P. 2008. Protein-protein interaction and quaternary
structure. Quarterly Review of Biophysics 41:133–180
DOI 10.1017/S0033583508004708.

King A, Rampling A,Wight DG,Warren RE. 1984. Neutropenic enterocolitis due
to Clostridium septicum infection. Journal of Clinical Pathology 37:335–343
DOI 10.1136/jcp.37.3.335.

Knapp O, Maier E, Mkaddem SB, Benz R, Bens M, Chenal A, Geny B, Vandewalle A,
Popoff MR. 2010. Clostridium septicum alpha-toxin forms pores and induces rapid
cell necrosis. Toxicon 55:61–72 DOI 10.1016/j.toxicon.2009.06.037.

Laemmli UK. 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227:680–685 DOI 10.1038/227680a0.

Li C, Jaentschke B, Song Y,Wang J, Cyr TD, Van Domselaar G, He R, Li X. 2010. A
simple slot blot for the detection of virtually all subtypes of the influenza A viral
hemagglutinins using universal antibodies targeting the fusion peptide. Nature
Protocols 5:14–19 DOI 10.1038/nprot.2009.200.

Melton JA, Parker MW, Rossjohn J, Buckley JT, Tweten RK. 2004. The identi-
fication and structure of the membrane-spanning domain of the Clostrid-
ium septicum alpha toxin. Journal of Biological Chemistry 279:14315–14322
DOI 10.1074/jbc.M313758200.

Melton-Witt JA, Bentsen LM, Tweten RK. 2006. Identification of functional do-
mains of Clostridium septicum alpha toxin. Biochemistry 45:14347–14354
DOI 10.1021/bi061334p.

Mirza NN, McCloud JM, CheethamMJ. 2009. Clostridium septicum sepsis and colorectal
cancer—a reminder.World Journal of Surgical Oncology 7:73
DOI 10.1186/1477-7819-7-73.

Morton DB, Griffiths PH. 1985. Guidelines on the recognition of pain, distress and
discomfort in experimental animals and an hypothesis for assessment. Veterinary
Record 116:431–436 DOI 10.1136/vr.116.16.431.

Vázquez-Iglesias et al. (2017), PeerJ, DOI 10.7717/peerj.3407 14/16

https://peerj.com
http://dx.doi.org/10.1177/1040638713483468
http://dx.doi.org/10.1046/j.1365-2958.1999.01217.x
http://dx.doi.org/10.1016/j.micpath.2004.09.001
http://dx.doi.org/10.1128/CMR.3.1.66
http://dx.doi.org/10.1017/S0033583508004708
http://dx.doi.org/10.1136/jcp.37.3.335
http://dx.doi.org/10.1016/j.toxicon.2009.06.037
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1038/nprot.2009.200
http://dx.doi.org/10.1074/jbc.M313758200
http://dx.doi.org/10.1021/bi061334p
http://dx.doi.org/10.1186/1477-7819-7-73
http://dx.doi.org/10.1136/vr.116.16.431
http://dx.doi.org/10.7717/peerj.3407


Navarro-García F, Eslava C, Villaseca JM, López-Revilla R, Czeczulin JR, Srinivas
S, Nataro JP, Cravioto A. 1998. In vitro effects of a high-molecular-weight heat-
labile enterotoxin from enteroaggregative Escherichia coli. Infection and Immunity
66:3149–3154.

Nooren IM, Thornton JM. 2003. Diversity of protein-protein interactions. EMBO
Journal 22:3486–3492 DOI 10.1093/emboj/cdg359.

Ohhashi T, Moritani C, Andoh H, Satoh S, Ohmori S, Lottspeich F, IkedaM. 1991.
Preparative high-yield electroelution of proteins after separation by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis and its application to analysis of amino
acid sequences and to raise antibodies. Journal of Chromatography 585:153–159
DOI 10.1016/0021-9673(91)85069-R.

Persidis A, Harcombe AA. 1992. Simultaneous electroelution of proteins from de-
naturing or native gels into a well matrix. Analytical Biochemistry 201:185–189
DOI 10.1016/0003-2697(92)90193-B.

Pierotti S, Albano C, Milandri A, Callegari F, Poletti R, Rossini GP. 2007. A slot
blot procedure for the measurement of yessotoxins by a functional assay. Toxicon
49:36–45 DOI 10.1016/j.toxicon.2006.09.008.

Popoff MR, Bouvet P. 2009. Clostridial toxins. Future Microbiology 4:1021–1064
DOI 10.2217/fmb.09.72.

RahmanH, Chakraborty A, Rahman T, Sharma R, Shome BR, Shakuntala I.
2009. Clostridial myonecrosis clinically resembling black quarter in an Indian
elephant (Elephas maximus). Revue Scientifique et Technique 28:1069–1075
DOI 10.20506/rst.28.3.1951.

Seelert H, Krause F. 2008. Preparative isolation of protein complexes and other
bioparticles by elution from polyacrylamide gels. Electrophoresis 29:2617–2636
DOI 10.1002/elps.200800061.

Sellman BR, Tweten RK. 1997. The propeptide of Clostridium septicum alpha
toxin functions as an intramolecular chaperone and is a potent inhibitor
of alpha toxin-dependent cytolysis.Molecular Microbiology 25:429–440
DOI 10.1046/j.1365-2958.1997.4541820.x.

Songer JG. 1996. Clostridial enteric diseases of domestic animals. Clinical Microbiology
Reviews 9:216–234.

Songer JG. 1998. Clostridial diseases of small ruminants. Veterinary Research 29:219–232.
Symons D, Clarkson C. 1988. Recovery of DNA in small volumes after electroelution

from gel slices. Nucleic Acids Research 16(11):5208 DOI 10.1093/nar/16.11.5208.
Thulasiraman V,Waker J. 2010. Evaluation of oriole fluorescent gel stain and compari-

son to SYPRO Ruby [Abstract]. Journal of Biomolecular Techniques 21(Suppl 3):S53.
Tweten RK. 2001. Clostridium perfringens beta toxin and Clostridium septicum alpha

toxin: their mechanisms and possible role in pathogenesis. Veterinary Microbiology
82:1–9 DOI 10.1016/S0378-1135(01)00372-8.

Vahid R, MohammadH, Shakeri F, Jasem E, Nasim J, GholamrezaM. 2011. Anti
Clostridium septicum alpha toxin antibody. Journal of US-China Medical Science
8(1):40–45.

Vázquez-Iglesias et al. (2017), PeerJ, DOI 10.7717/peerj.3407 15/16

https://peerj.com
http://dx.doi.org/10.1093/emboj/cdg359
http://dx.doi.org/10.1016/0021-9673(91)85069-R
http://dx.doi.org/10.1016/0003-2697(92)90193-B
http://dx.doi.org/10.1016/j.toxicon.2006.09.008
http://dx.doi.org/10.2217/fmb.09.72
http://dx.doi.org/10.20506/rst.28.3.1951
http://dx.doi.org/10.1002/elps.200800061
http://dx.doi.org/10.1046/j.1365-2958.1997.4541820.x
http://dx.doi.org/10.1093/nar/16.11.5208
http://dx.doi.org/10.1016/S0378-1135(01)00372-8
http://dx.doi.org/10.7717/peerj.3407


Vilhena-Costa AB, Piazza RM, Nara JM, Trabulsi LR, Martinez MB. 2006. Slot blot
immunoassay as a tool for plasmid-encoded toxin detection in enteroaggregative
Escherichia coli culture supernatants. Diagnostic Microbiology and Infectious Disease
55:101–106 DOI 10.1016/j.diagmicrobio.2006.01.008.

Wichroski MJ, Melton JA, Donahue CG, Tweten RK,Ward GE. 2002. Clostridium
septicum alpha-toxin is active against the parasitic protozoan Toxoplasma gondii and
targets members of the SAG family of glycosylphosphatidylinositol-anchored surface
proteins. Infection and Immunity 70:4353–4361
DOI 10.1128/IAI.70.8.4353-4361.2002.

Wild D. 2013. The immunoassay handbook (Fourth Edition) theory and applications of
ligand binding, ELISA and related techniques. Amsterdam: Elsevier Ltd.

Zhu D, Saul AJ, Miles AP. 2005. A quantitative slot blot assay for host cell protein
impurities in recombinant proteins expressed in E.coli. Journal of Immunological
Methods 306:40–45 DOI 10.1016/j.jim.2005.07.021.

Vázquez-Iglesias et al. (2017), PeerJ, DOI 10.7717/peerj.3407 16/16

https://peerj.com
http://dx.doi.org/10.1016/j.diagmicrobio.2006.01.008
http://dx.doi.org/10.1128/IAI.70.8.4353-4361.2002
http://dx.doi.org/10.1016/j.jim.2005.07.021
http://dx.doi.org/10.7717/peerj.3407

