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Abstract

Analysis of active botulinumtoxin in biological
matrices for applications in veterinary botulism
outbreaks
Ida Karlsson 

Botulinum neurotoxins (BoNTs), produced by the bacteria Clostridium botulinum,
are the deadliest toxins known to mankind, causing the disease botulism. The
currently golden standard for detection of active BoNTs is the mouse bioassay
(MBA). The ethical concern of the MBA has however encouraged the development of
other methods for detecting BoNTs. At the National Veterinary Institute (SVA) an
Endopep-MS method for qualitative detection of active botulinum neurotoxins in
human and chicken serum has been validated. Endopep-MS is an endopeptidase
method that uses MALDI-TOF MS (Matrix-assisted laser desorption ionization–time
of flight mass spectrometry) for detection. The method is based on the toxins own
protease activity and has been proven to be a promising, selective and sensitive
method for detection of active BoNTs. The purpose with this study was to adapt and
further develop SVA’s validated Endopep-MS method for detection of BoNT-C, D and
their mosaics C/D and D/C to new matrices such as liver, excrement and feed. The
main focus has been on avian liver samples that, as suspected, contained a lot of
endogenous proteases. By using the combination of a 2 M sodium chloride salt wash
solution and the addition of 4 µ L of a protease inhibitor cocktail to the endopep
reaction buffer the activity of the proteases was successfully reduced without
inhibiting the activity of the BoNTs.
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3 Populärvetenskaplig sammanfattning 

 

 
Jordbakterien Clostridium botulinum bildar botulinumtoxiner (BoNTs) som anses 
vara världens mest potenta gift. BoNTs är nervgifter som orsakar 
förlamningssjukdomen botulism hos både djur och människor och kan vara dödlig om 
den inte behandlas. Hitintills har åtta olika serotyper av BoNTs upptäckts, A-G samt 
X. Serotyperna påverkar olika arter där t.ex. BoNT-A, B, E och F till största del 
påverkar människan medan BoNT-C och D, samt deras mosaikformer C/D och D/C 
till största del påverkar fågel och nötkreatur. Botulinumtoxinerna är proteaser, d.v.s. 
proteiner som kan klyva andra proteiner och består strukturmässigt av en lätt och en 
tung kedja av aminosyror där den tunga kedjan är viktig för att giftet ska tas upp i 
nervcellen där det gör skada, och den lätta kedjan innehar proteasaktiviteten. 
Toxinerna är väldigt specifika och klyver proteinerna på samma ställe varje gång. Hur 
mycket toxin som behövs för att ge botulism beror på flera faktorer så som art, 
toxinets serotyp och exponeringsväg. Enligt FDA kan några få nanogram orsaka 
sjukdom. Med tanke på att BoNTs är väldigt potenta och mycket små mängder kan ge 
sjukdom måste man inom diagnostiken ha mycket känsliga analysmetoder som kan 
påvisa dessa små mängder. 
 
Den traditionella analysmetoden för att undersöka om ett prov innehåller BoNTs är 
musbioassay. Där injiceras provet i möss som sedan studeras för att se om de 
utvecklar sjukdomen. På grund av bland annat etiska aspekter vill man ersätta 
musbioassay med en försöksdjursfri metod. På Statens Veterinärmedicinska Anstalt 
(SVA) har man arbetat med en metod som kallas för Endopep-MS där man utnyttjar 
BoNTs egen proteasaktivitet för att upptäcka toxinerna. Kort beskrivning av metoden 
(figur 1) är att först kopplas antikroppar till magnetiska kulor som sedan förflyttas till 
provet. Där får toxinet binda till antikropparna och de magnetiska kulorna med toxin 
bundet till sig förflyttas till en reaktionsbuffert där toxinet får klyva syntetiska 
peptider i allt från 3 till 24 timmar. Klyvningsprodukterna detekteras sedan med hjälp 
av Matrix-Assisted Laser Desorption Time Of Flight Mass Spectrometry (MALDI-
TOF MS) och man kan sen genom en kombination av antikropp och klyvning säga 
vilket toxin som var närvarande.  

Figur 1. Endopep-MS översikt. Antikropparna (blå) kopplas till de magnetiska kulorna (svart) och 
transporteras till provet där toxinet (orange-grön) kan binda till antikropparna. De magnetiska kulorna 
med bundet toxin förflyttas till en reaktionsbuffert där toxinet får klyva substratpeptider (lila), som 
sedan analyseras med MALDI-TOF-MS. 
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MALDI är en mjuk joniseringsmetod där man blandar sitt prov med en 
laserabsorberande lösning som hjälper molekylerna att övergå till joner i gasfas efter 
att de bestrålats av en kort laserpuls. TOF-processen accelererar dessa joner med hjälp 
av en konstant mängd kinetisk energi. Jonerna kommer sedan färdas olika fort och nå 
detektorn vid olika tidpunkter på grund av att de har olika laddning och massa.  
Resultatet visas sen i form av jonernas massa delat med dess laddning (m/z) vilket är 
unikt för varje typ av molekyl.   
 
SVA har en validerada1 Endopep-MS metod för kvalitativa2  detektion av aktivt 
botulinumtoxin i serum från människa och kyckling. Det är emellertid inte alltid 
möjligt att få serumprover från sjuka eller döda djur vilket gör det mycket användbart 
att kunna detektera BoNTs i andra typer av prover som t.ex. organprover. Syftet med 
denna studie var att anpassa och vidareutveckla SVA:s validerade Endopep-MS 
metod för att kunna upptäcka BoNT- C, D samt deras mosaiker C/D och D/C i nya 
typer av prover t.ex. lever, träck och foder, med fokus på leverprover från fåglar.  
 
Leverbitarna homogeniserades, centrifugerades och supernatanten dvs. vätskan 
analyserades. Det visade sig att leverproverna innehöll mycket kroppsegna proteaser 
som klyvde substratpeptiden både där toxinerna skulle klyva och på andra ställen, så 
kallad ospecifik klyvning, vilket resulterade i felaktiga resultat. För att minska den 
ospecifika klyvningen tillsattes en proteashämmarmix som minskar de kroppsegna 
proteasernas aktivitet och även en salttvätt för att tvätta bort proteaserna. Med denna 
metodförändring minskades den ospecifika klyvningen och metoden kunde 
framgångsrikt användas för att påvisa BoNT i leverprover som samlats in vid 
botulismutbrott bland tama och vilda fåglar i Europa.  

 
 

 

 

  

																																																								
a1 Metoden är kontrollerad att den verkligen mäter det man vill att den ska mäta och fungerar på det 

sätt man vill att den ska fungera. 
a2	Metoden kan säga om toxin finns närvarande men inte hur mycket.  
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4 Introduction  
 
Botulinum neurotoxins (BoNTs) are the deadliest toxins known to mankind, causing 
the disease botulism [1]. Botulism is a neuroparalytic disease that manifests with 
distinct clinical symptoms such as symmetrical cranial nerve palsies followed by 
descendent symmetric weakening and flaccid paralysis. This may, if left untreated, 
ultimately lead to death [2]. Botulism is however relatively rare in humans but do 
affect animals to a larger extent [3]. BoNTs are also classed as a potential bioweapon 
and attempts have been reported to use the toxins as such [4]. The toxins are bacterial 
proteins mainly produced by the Clostridium botulinum, Clostridium baratii and 
Clostridium butyricum bacteria [5]. C. botulinum are usually found in soil and marine 
deposits and can form spores which under the right conditions (anaerobic, low salt 
and sugar concentrations and non acidic pH) can produce the toxins [2]. BoNTs are 
zinc-dependent metalloproteases[6] composed by a light chain (~50 kDa) and a heavy 
chain  (~100 kDa) where the heavy chain makes it possible for the toxin to reach the 
nerve cell while the light chain is responsible for the protease activity in the neurons. 
The toxins are very specific and each toxin cleaves at a specific site on SNARE 
(Soluble N-ethylmaleimide-sensitive factor Attachment protein REceptor) membered 
proteins [7]. By cleaving these proteins, the release of acetylcholine into the synaptic 
clefts is inhibited which results in paralysis [8]. There are eight known serotypes of 
BoNTs, A-G [9,10] and X [11]. The serotypes affect different species, for example 
BoNT-A, B, E and F are known to mainly affect humans while C, D, and their mosaic 
forms C/D and D/C mainly affect birds and cattle. How much toxin that is needed to 
cause botulism depends on many factors, such as species, toxin serotype, and way of 
exposure, but according to FDA, only a few nanograms can cause illness [12]. 
Since BoNTs are very potent toxins and it only takes small amounts to cause illness 
the method used for detection needs to be very sensitive in order to discover these 
small amounts. 

The “golden standard” method for detecting the presence of active BoNTs is 
the mouse bioassay (MBA) where the sample (serum, food extracts or culture 
supernatant) is injected into mice. The mice are observed for symptoms such as 
labored breathing, weakness of limbs, paralysis and death, for some hours up to four 
days. The MBA is a very sensitive method that can detect concentrations down to 10-
100 pg/mL depending on which serotype is being analyzed. However, the ethical 
concern, the time consuming observations and cost of the method have encouraged 
the development of other methods for detecting BoNTs [13].  

Methods based on polymerase chain reaction (PCR) are also used for BoNT 
detection. PCR methods can detect and identify the genes that encode the BoNTs 
[14]. However, the method does not prove that the toxin itself is present, only the 
BoNT encoding genes, meaning the toxin has not necessarily been produced [13].    

Enzyme-linked immunosorbent assay (ELISA) is a commonly used 
immunoassay method for the detection of BoNTs. It is a fast assay, with good 
selectivity, and it is easy to use. However, the method can provide false-positive 
result from inactivated toxin or false-negative results from neurotoxins that do not 
bind to the antibody due to decreased affinity because of amino acid variations within 
a serotype [13,15].  

An endopeptidase method called Endopep-MS has proven to be a promising 
selective and sensitive method for detection of active BoNTs in different matrices 
[16–23]. It has been demonstrated to have just as good, or even better sensitivity than 
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the MBA. The method can differentiate between serotypes A-G [17–19] and even 
differentiate type C and D from their mosaic forms [19]. Briefly explained (see fig. 2), 
the toxin is bound to antibodies that have been attached to magnetic beads. The 
magnetic beads, with bound antibody and toxin, are then transferred to a reaction 
buffer containing a substrate peptide. The toxin is then allowed to cleave the substrate 
peptide from between 3 to 24 hours and the cleavage products can be detected with 
MALDI-TOF MS (Matrix-assisted laser desorption ionization time of flight mass 
spectrometry). The combination of an antibody specific for the heavy chain and a 
substrate peptide that is selectively cleaved by the light chain results in direct 
detection of the BoNT serotype or mosaic form [19]. 

 

 
Figure 2. Overview figure of Endopep-MS. Antibodies (blue) are coupled to magnetic beads (black) 
and transferred to the sample where the toxin (orange-heavy chain and green-light chain) can bind to 
the antibodies. The magnetic beads with bound toxin are transferred to reaction buffer and allowed to 
cleave substrate peptides (purple), which then are analyzed with MALDI-TOF-MS. 

 
MALDI is a soft ionization method, which is performed by mixing the sample 

(reaction buffer solution containing cleaved substrate peptides) with a laser-absorbing 
matrix and let the drops dry on a target plate. A brief laser pulse will allow the 
mixture to be irradiated, desorbed and ionized in order to transfer the peptides into 
gaseous ions. The time-of-flight (TOF) process accelerates the gas phase ions in a 
high voltage electrical field that imparts a constant amount of kinetic energy to the 
ions. The TOF is measured precisely and is equivalent to the time it takes for the ions 
to reach the detector. Since the ions have different masses they will travel with 
different velocity towards the detector and the results are presented as the ions mass-
to-charge ratios, which is unique for each species [24].  

At the National Veterinary Institute (SVA) an Endopep-MS method for 
qualitative detection of active botulinum neurotoxins in human and chicken serum has 
been validated [19]. It is however not always possible to obtain serum samples from 
sick or diseased animals why being able to detect BoNTs in other matrices such as 
organ samples would also be very useful. The purpose with this study was to adapt 
and further develop SVA’s validated Endopep-MS method for detection of BoNT-C, 
D and their mosaics C/D and D/C to new matrices such as liver, excrement and feed, 
with special focus on avian liver. 
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5 Experimental 

 
All experiments where the toxins were handled were executed in a class 2 biosafety 
cabinet with HEPA filters. 
 
5.1 Chemicals and reagents  

 
The water was purified with a Milli-Q water purification system (Millipore, Bedford, 
MA, USA). The magnetic beads (Dynabeads M-280 Streptavidin) were obtained from 
Life Technologies from Stockholm, Sweden and the Hepes-buffered saline solution 
with EDTA and surfactant P20 pH 7,4 (HBS-EP buffer) was acquired from GE 
Healthcare Europe in Uppsala, Sweden. Phosphate-buffered saline (PBS) , zinc 
chloride (ZnCl2), α-cyano-4-hydroxy cinnamic acid (CHCA), dithiotreitol (DTT), 
ammonium citrate, bovine serum albumin (BSA), Tween®20, trifluoroacetic acid 
(TFA) and protease inhibitor cocktail P8340 were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). The sulfo-NHS-biotin, No-Weight™ was obtained from Thermo 
Scientific (Waltham, MA, USA). Monoclonal antibodies (see Table 1) were 
purchased from Dr. James Marks at the University of California San Francisco, USA. 
Botulinum neurotoxins C and D/C were purchased as complexes from Metabiologics 
(Madison, WI, USA) and the MLD50/mg of the BoNTs were tested with MBA to 
6.0×106 and 3.0×107 respectively. Recombinant purified BoNT-D and C/D produced 
in Escherichia Coli was purchased from Toxogen GmbH (Hanover, Germany) and 
was not tested with MBA. The substrate peptides (see Table 2) had a purity of 98% or 
more and were obtained from Xaia Custom peptides from Gothenburg, Sweden. The 
other chemicals were of analytical grade or better and used without further 
purification.  
 
Table 1: Table over the antibodies that were used in the project, their targets and which serotype they 
bind to. 

Antibody Target * Serotypes that bind to the antibody 

# 1 (8DC1.2) Heavy C and D chain BoNT- C, -C/D, -D and D/C  

# 2 (1C1.1) Heavy C chain BoNT-C and D/C 

*The light chain is the first letter and heavy chain is the latter letter, e.g. for BoNT- C/D the light  
chain is C and  heavy chain is D. In for e.g. BoNT- C (can be written as BoNT- C/C) both the light 
and heavy chain is C. 

  

 
 
5.2 Samples 

 
The samples analyzed in this study were liver samples from cattle and birds obtained 
from the French institute ANSES (Agence Nationale de Sécurité Sanitaire de 
l’alimentation, de l’environnement et du travail) and the Dutch institute Wageningen 
Bioveterinary Research at WUR (Wageningen University and Research). The French 
samples had previously been analyzed with PCR and the Dutch samples had been 
analyzed with MBA. All the liver samples from the Netherlands had been tested 
positive for BoNTs, some for BoNT-C (or C/D) and in some samples the serotype had 
not been determined. Some of the French samples had been tested negative but most 
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samples were tested positive for the BoNT-D/C or C/D gene.  The oldest sample was 
from 2013 and the newest from 2017. 

 
5.3 Procedure 
 
5.3.1  Preparation of buffers, solutions and MALDI-matrix  

PBST pH 7,4 buffer (0,01 M PBS) was prepared by dissolving a prefilled PBS bag in 
1,0 L MilliQ-water and add 200 µL Tween.  
The reaction buffer was prepared by mixing 18 µl of 200 µM ZnCl2 and 1.0 mg/mL 
BSA in 20 mM HEPES buffer (pH 7,3) with 1 µL DTT (10 mM) and 1 µL substrate 
peptide (50 µM) for each sample in a Protein LoBind Eppendorf tube.  
The salt wash solution (2 M NaCl in PBST) was prepared by dissolving 117g NaCl in 
1 L of PBST (pH 7,4). 
MALDI-matrix was prepared by mixing 18 µl of a solution containing 5 mg/mL 
CHCA in MilliQ-water/acetonitil/1 M ammoniumcitrate (aq)/ 10 % TFA (aq) 
(98/98/2/2, v/v/v/v) with 2 µl internal standard (0,1 nmol, see Table 2) for each 
sample in an ordinary Eppendorf tube.  
The PBST buffer and 2 M NaCl in PBST solution were stored in a refrigerator (+2 - 
+8 °C).  The MALDI-matrix was stored in room temperature in aluminum foil to 
protect it from light. The internal standard, reaction buffer without DTT and substrate 
peptides was stored in a – 20 °C freezer and the DTT solution in a -70 °C freezer.  
 
5.3.2 Sample preparation 

 Each liver sample was washed with PBST pH 7,4 buffer prepared as described in 
section 5.3.1. The sample was placed in a Stomacher® 80 standard bag and 1 mL 
PBST buffer was added per grams of liver (v/w). The liver was homogenized in a 
Stomacher® 80 Biomaster (Seward, Worthing, UK) and the homogenate was 
centrifuged in 50 mL centrifugal tubes for 20 minutes at 4°C and 3756 g. The 
supernatant was kept in a  – 20°C freezer until analysis. Before analyzing the samples, 
they were centrifuged again (10 minutes, room temperature, 3756 g) due to some 
visible solid particles in the samples after thawing. 
 
5.3.3 Coupling of antibodies to magnetic beads 

Before the antibodies were attached to the magnetic beads they were biotinylated in 
order for them to couple the streptavidin on the magnetic beads. The biotinylation was 
executed by mixing antibody 1 or 2 with a 1 mM Sulfo-NHS-biotin solution in 
Eppendorf Protein LoBind-tubes. The Sulfo-NHS-biotin solution was prepared by 
adding 224 µL MilliQ-water to a 1,0 mg pre weighted Sulfo-NHS-biotin giving a 10 
mM biotin solution. The 10 mM solution was diluted to 1 mM with MilliQ-water.  1 
µL 1 mM Sulfo-NHS-biotin solution was added per 5 µg antibody and the antibody-
biotin mixture was allowed to incubate in room temperature overnight. Next day, 250 
µL magnetic beads was transferred to a Protein LoBind-tube and placed in a magnetic 
stand in order for the magnetic beads to be attracted to one side of the tube. The liquid 
was discarded and the magnetic beads were washed twice with 1 mL HBS-EP-buffer.  
1 mL HBS-EP-buffer and 11 µL biotinylated antibody was added to the beads and 
allowed to incubate in room temperature under rotation at 30 rpm for 1 h. The liquid 
was discarded and the beads were washed twice with 1 mL HBS-EP-buffer and re-
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suspended in 250 µL HBS-EP-buffer giving a concentration of 2 µg antibody / 100 
µL magnetic beads. The antibody coupled magnetic beads was stored in a refrigerator 
(+2 - +8 °C).   
 
5.3.4 Extraction of toxin from liver samples   

Extraction of the toxins from the liver supernatant was executed on a KingFisher Flex 
(Thermo Scientific, Waltham, MA, USA). The magnetic beads with bound antibody 
(20 µL) were vortexed and transferred to 150 µL HBS-EP buffer. The beads were 
later on transferred to the liver sample (500 µL) by the KingFisher and mixed for 1 h. 
If the salt wash was used the beads were removed from the sample and first washed 
twice in the salt wash (1 mL 2 M NaCl in PBST) and then twice in 1 mL HBS-EP 
buffer. If the KingFisher procedure was executed without salt wash the beads were 
first washed twice in 1 mL HBS-EP buffer and then once with water. The beads were 
then eluted in 150 µL of water.  
 
5.3.5 The Endopep reaction 

The eluent (beads in 150 µL water) was transferred to a 0.2 mL 24 well PCR plate 
(Thermo Fisher Scientific, Gothenburg, Sweden) placed in a DynaMag™-96 Side 
magnetic stand (Life Technologies AS, Oslo, Norway). The liquid was removed and 
20 µL reaction buffer prepared as described in section 5.3.1 was added to the 
magnetic beads. If the Endopep reaction was executed without protease inhibitor the 
PCR-tubes were vortexed and placed in an Arktik PCR thermo cycler (Thermo Fisher 
Scientific, Gothenburg, Sweden) for incubation at 42 °C for 3-22 h. If the protease 
inhibitor was used it was added after addition of the reaction buffer to the magnetic 
beads. The vortex and thermo cycler step was then preformed as previously described. 
 

5.3.6 MALDI-TOF MS 

After incubation, the PCR-tubes were vortexed and placed in the magnetic stand and a 
2 µL aliquot was taken after 3 and 21-22 h of each sample and pipetted into new 
PCR-tubes containing 18 µl MALDI-matrix and IS solution prepared as described in 
section 5.3.1. The new PCR-tubes were vortexed and 1.0 µl of the solution was 
spotted on a stainless steel MALDI target plate and allowed to dry. Three spots were 
made for each sample. The mass spectrometric analysis was performed on a Synapt 
G2 instrument (Waters Corporation, MA, USA). The MALDI parameters were the 
same as described in K. Björnstad et al. [19] i.e. it was set to operate in positive 
potential with MS resolution mode with a mass range from 100-8000 m/z. The 
instrument was calibrated in positive ionization mode with red phosphorus. The laser-
firing rate was 1000 Hz, the scan time was 1 s, the laser was moving in a spiral 
pattern and the acquisition time was 30 s. Each spectrum was created from 1000 laser 
shots and 30 spectrums were combined resulting in one final spectrum representing 
the spot. The final spectrum was processed with background subtraction and 
automatic peak detection option in the MassLynx V4.1 software.   
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5.4 Evaluation 

 
For each run, blank liver samples were spiked with BoNT-C, C/D, D and D/C, 
respectively, as positive controls. Also, a blank liver sample was used as a negative 
control. The volume was 500 µL for each sample unless stated otherwise and the 
spiked amounts of BoNT-C, D/C, D and C/D were 0.8, 0.3, 0.04 and 1.6 ng 
respectively. This corresponds to 10 MLD50 for BoNT-C and D/C where MLD50 
stands for mouse lethal dose, 50%, i.e. the dose that kills 50 % of the mice.  
The substrate peptides have an N-terminal and C-terminal end. Since the toxin cleaves 
at a specific site on the substrate peptide the m/z of its cleavage products can be 
predicted, see table 2. The peak intensities of the C-terminal (CTP) and N-terminal 
(NTP) cleavage products was divided with the peak intensity from the internal 
standard (IS) from the same spectrum in order to compensate for variations regarding 
the MALDI-TOF MS-procedure. The same procedure was applied for the unspecific 
cleavage products, i.e. results of cleavage of the substrate peptide by proteases other 
than the BoNTs. The mean value of the CTP/IS, NTP/IS and unspecific cleavage 
products/IS was calculated for the three spots of each sample. Since the substrate 
peptides have a purity of ~98 % there might be some cleavage products in the blank 
as well. In order to compensate for that the blank samples CTP and NTP peaks 
intensities was also divided with the IS. The mean value of each sample’s CTP/IS and 
NTP/IS was then divided by the mean value of the CTP/IS and NTP/IS from the 
blank. A sample was considered being positive if it had a value three times larger than 
the blank (3×blank) for at least one of the cleavage products (CTP or NTP).  
 
 

Table 2. Shows which serotype will cleave the substrate peptide and what cleavage products will form. It also 
shows the substrate peptides and their cleavage products amino acid sequences and their mass-to-charge ratio. 

 
 
 
 
 
 
	

 
Serotype 

 
Substrate peptide and 

cleavage products 

 
          Amino acid sequence 

 
m / z 

BoNT-C 
and C/D 

C-substrate peptide Ac-VKYNIDEAQNKAS-Ornithine-MGIRRR-NH2 
 

2405,4 

 C-NTP1 Ac-VKYNIDEAQNK  1363,8 

 C-CTP1 AS-Ornithine-MGIRRR-NH2 1059,7 

BoNT-D 
and D/C 

D-substrate peptide H2N-LQQTQAQVDEVVDIMRVNVDKVLERDQKLSELDDRADAL-OH 4498 

 D-NTP2 H2N-LQQTQAQVDEVVDIMRVNVDKVLERDQK 2397,7 

 D-CTP2 LSELDDRADAL-OH 1217,6 

 Internal standard (IS) LRTAQADITNSK-Biotin  1543,8 

 1 C-NTP and C-CTP means the NTP and CTP cleavage product of the C substrate. 
2 D-NTP and D-CTP means the NTP and CTP cleavage product of the D substrate. 
The thick letters represents where the toxin cleaves the substrate 
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6. Results and discussion 
 
6.1 Sample preparation 

  
After homogenization of the liver samples, as described in section 5.3.2, the 
homogenates were centrifuged. At first the preset settings was used on the centrifuge, 
i.e. 10 min, 3756 g and room temperature. With those settings many of the samples 
did not show a clear phase separation and it was very difficult to separate the 
supernatant from the pellet. The settings were changed to 20 min, 4 °C and 3756 g 
which significantly improved the phase separation and in most cases there was a very 
clear line between the pellet and supernatant.  
 
6.2 Adapting and further development of Endopep-MS  

 

6.2.1 Unspecific cleavage of the peptide substrates  

The validated Endopep-MS method18
 was performed on 11 of the liver samples 

previously BoNT-C/D, D/C or D positive or negative when analyzed by PCR. In this 
experiment only antibody 1 was used in order to see if there were any active toxin 
present and if so, antibody 2 would be used in order to identify which serotype it was. 
Both substrate peptide C and D was used and the samples were analyzed after being 
incubated for 4 and 22 h. The samples were examined based on the toxin specific 
cleavage products (CTP and NTP) as described in section 5.4. As suspected, likely 
due to endogenous proteases, the results showed a lot of unspecific cleavage of the 
peptide substrates. The peaks with the highest intensity that came from unspecific 
cleavage were also examined.  

Unspecific cleavage means that the substrate peptide have been cleaved by 
other proteases than the toxin which may lead to unreliable results. The proteases can 
either cleave the substrate peptide where the toxin is supposed to cleave which may 
lead to false positive results. Another possibility is that they cleave the peptide at 
other sites than the toxins, which may lead to false negative results since the CTP and 
NTP products will get wrong masses and therefore not be detected. All of these 
eleven tested samples were positive for BoNT-C (or C/D) with the Endopep-MS 
method. According to the PCR results, this collection of samples should contain 
BoNT-C/D, D/C, D positive as well as negative samples and the results were 
therefore suspected to be false positive.  

The mass spectra below (Figure 3) shows the spectrum from a blank chicken 
serum sample after ~3 h incubation (3A), that does not contain any proteases. Spectra 
3B and 3C illustrate a blank turkey liver sample after being incubated for 3 and 22 h, 
respectively. In 3A one can see that the [M+H]+ of the C-substrate (m/z 2405,3) is by 
far the peak with the highest intensity, which is good since it is unwanted to have 
anything that cleaves the substrates in the blanks. The peak at m/z 1544,8 is an isotope 
of the internal standard (see Table 2) and the peak at m/z 1203,1 is the double charged 
C-substrate peptide. The three mentioned peaks above are expected and/or desired in 
the all spectrums. There is also a small peak in the upper spectrum appearing at m/z 
2094,1, this is not desired and may appear since the substrate peptides have a purity of 
98 %.  
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Figure 3. Mass spectrum over A) blank chicken serum after 3 h incubation, B) blank turkey liver after 3 
h incubation and C) blank turkey liver sample after 22 h incubation, spiked with internal standard, 
substrate peptide C and D.  
 
In Figure 3B, the blank turkey liver after 3 h incubation, two unspecific cleavage 
products with high intensity at m/z 2094 and 2250 can be observed, which most likely 
come from unspecific cleavage of the C-peptide and are not desired. Figure 3C 
represents the blank turkey liver sample after 22 h incubation and there it is noticeable 
that the two undesired peaks intensities have increased (m/z 2094 and 2250), some 
new undesired peaks have appeared (e.g. m/z 1824,8) and that the C-substrate is 
almost completely consumed. The proteases probably cleaved the C-substrate peptide 
at several sites including the site where BoNT-C (and C/D) should cleave. Figure 4 
shows the amino acid sequence from substrate peptide C and also where the proteases 
cleave the peptide to give the unspecific cleavage products m/z 1824, 2250 and 2094. 
By addition of a water molecule (molecular mass 18,02), m/z 1805, 2075 and 2231 
becomes 1824, 2249 and 2094 respectively.  
 
 
 
 
 
 
 
Figure 4. The amino acid sequence of substrate peptide C and the unspecific cleavage sites that gave 
the highest intensities in the mass spectra. E.g. the Ac-VKYNIDEAQNKAS-Ornithine-MGIRR 
fragment will have a mass of 2231 and if a water molecule is attached it will become 2249, an isotope 
of the discussed m/z 2250. The corresponding fraction, R-NH2, will have a molecular mass of 174.  
 
From these results it was also discovered that the C-peptide seemed to be more 
susceptible to protease activity since the unspecific cleavage products could only be 
traced back to the C-peptide. Therefore, during the following optimization steps of the 
Endopep-MS method to liver samples, only the C-peptide was used. 
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  6.2.2 Reducing unspecific cleavage with protease inhibitor cocktail and salt wash 

During this project it was discovered that the liver samples examined resulted in 
different degrees of “messy” mass spectra, i.e. there were different amounts of 
unspecific cleaving depending on which sample it was. Some spectra were by far less 
messy than others and this project did focus on the samples that gave the messiest 
mass spectra hoping to cover even the worst cases of unspecific cleaving.  

There were three main approaches that were tested in order to reduce the 
unspecific cleavage of the C-peptide. The first was to use a protease inhibitor cocktail 
in different concentrations (2, 4, 6 and 8 µL per 20 µL reaction buffer) that was added 
to the reaction buffer after the buffer had been added to the magnetic beads, se section 
5.3.5. The protease inhibitor cocktail consisted of several components, namely: [4-(2-
Aminoethyl)benzenesulfonyl fluoride hydrochloride] (AEBSF, 104 mM) and 
Aprotinin (0,085 mM) that inhibits serine proteases such as trypsin, chymotrypsin, 
plasmin and kallikrein, Bestatin hydrochloride (4 mM) that inhibits aminopeptidases 
such as leucine aminopeptidase and alanyl aminopeptidase, [N-(trans-
Epoxysuccinyl)-L-leucine 4-guanidinobutylamide] (E-64, 1,4 mM)) that inhibits 
cysteine proteases such as calpain, papain, cathepsin B, and cathepsin L, Leupeptin 
hemisulfate salt (2 mM) that inhibits both cysteine and serine proteases and the last 
component in the cocktail was Pepstatin A (1,5 mM) that inhibits acid proteases such 
as pepsin, renin and cathepsin D, and many microbial aspartic proteases. The second 
approach was to use a salt wash, which was performed right after the magnetic beads 
had been removed from the liver samples. And the third was to combine the salt wash 
with different concentrations of the protease inhibitor (2, 4, 6 and 8 µL per 20 µL 
reaction buffer).  

Fig. 5 A) and B) illustrate a comparison between different protocols and their 
effect on the unspecific cleavage product with the highest intensity (m/z 2094). These 
diagrams show that the more protease inhibitor is added, the less the peak intensity of 
this unspecific cleavage product becomes, meaning the unspecific cleavage has 
decreased. Four different unspecific cleavage products were analyzed and the same 
decreasing trend was seen in all of them (data not shown). 

 

 
Figure 5. Diagrams over different protocols’ effect on unspecific cleavage product m/z 2094 from 
blank, spiked and “real” liver samples.  
 
In figure 5A it can be observed that the salt wash and salt wash + 2 µL protease 
inhibitor seem to give a rather similar effect on the unspecific cleavage when looking 
at the blank and spiked samples but made a big difference in sample 5091. In this 
figure one can also see that there is less unspecific cleavage when adding 4 µL 
inhibitor compared to when adding 2 µL. The results from a different experiment is 
presented in Figure 5B where the addition of 4, 6 and 8 µL inhibitor is compared, 
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revealing that addition of 8 µL inhibitor resulted in the largest reduction of unspecific 
cleavage products. The trend is obvious; the more added inhibitor, the less unspecific 
cleavage. The same trend is also seen when combining the salt wash with protease 
inhibitor as seen in fig. 5B. However, when the salt wash was combined with 2 and 4 
µL inhibitor the m/z 2094 fraction did in most cases become lower than when only 
using 4 µL inhibitor without the salt wash, indicating that the salt was had a desired 
effect on the proteases.  
 Figure 6A and 6B illustrate a representation of the different protocols’ effect 
on the BoNT activity. It was apparent that the different protocols do not only affect 
the unspecific cleavage but also the activity of the BoNTs. The salt wash and salt 
wash in combination with 2 µL protease inhibitor resulted in a big difference in the C-
CTP cleavage product for the spiked samples (fig. 6A). It seemed like the toxin 
activity has somehow decreased when only using the salt wash while its activity 
increased when combining the salt wash and protease inhibitor. Why this is, is hard to 
explain but it might be due to experimental variations, e.g. variations in amounts 
when spiking the samples. Since the handled volumes are a few µL a small variation 
could make a big difference. To make sure that the difference is because of the 
different protocols the experiment should be repeated with more replicates.  
 

 
Figure 6. Diagrams over different protocols’ effect on the C-CTP cleavage product m/z 1059,7 from 
blank, spiked and “real” liver samples. X blank means how many times larger the sample is compared 
to the blank. 
 
In figure 6A one can also see that 2 and 4 µL inhibitor seems to have a similar effect 
on the toxins activity suggesting that the toxin has not been inhibited when adding 
those amounts. However, in figure 6B it can be observed that when adding 6 and 8  
µL of the inhibitor cocktail the C-CTP product is decreased, indicating that an 
addition of more than 4 µL results in an inhibition of the toxin’s activity which is 
unwanted since the method is based on the toxins own protease activity. 

The salt wash in combination with 2 and 4 µL protease inhibitor (fig. 6B) 
seem to give a rather similar effect on the toxin indicating that the toxins’ activity 
have not been affected, the same as for the 2 and 4 µL inhibitor protocol mentioned 
above (fig. 6A). Hence, regarding the toxins’ activity, the salt wash in combination 
with 2 or 4 µL inhibitor seems to be the best suited protocols for the liver matrix. The 
salt wash + 4 µL inhibitor protocol did however reduce the unspecific cleavage more 
than the salt wash + 2 µL protease inhibitor and 2 and 4 µL inhibitor protocol (Fig 
5A, 5B). Also, sample 5103 and 5078 (Fig 6A, 6B) is according the PCR results a 
BoNT-D/C positive sample, meaning it should be negative in these protocols (since 
only the C-peptide is used and BoNT-D/C only cleaves the D-peptide). For several of 
the protocols these samples became BoNT-C positive, i.e. suspected false positive. 
This was one important indication if the protocol was considered good enough or not. 
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If those samples were positive it most likely meant that there were still too much 
unspecific cleavage and so far only the salt wash + 4 µL protease inhibitor had given 
negative results for the BoNT-D/C positive samples. The salt wash was also 
combined with higher concentrations of protease inhibitor (6 and 8 µL), which also 
gave negative results for the BoNT-D/C positive samples.  However, those high 
concentrations also resulted in inhibition of the toxins activity (data not shown). From 
these results it was concluded that salt wash + 4 µL protease inhibitor gave the lowest 
unspecific cleaving without inhibiting the toxins activity and was the most promising 
protocol regarding false positive results.  

Figure 7 illustrate the spectra from one of the “worst” liver samples without 
salt wash and protease inhibitor (7B) and with salt wash in combination with 4 µL 
protease inhibitor (7A). Here it is clear that the unspecific cleavage with the highest 
intensities (m/z 2095 and 2250) have been significantly reduced and figure 7A looks 
more like the blank chicken serum spectrum (Fig. 3A) and 7B looks more like the 
blank turkey liver samples (Figs. 3B and C).  

 
 

 
 

Figure 7. Mass spectrum illustrating a “messy” sample after 21 h incubation with salt wash combined 
with 4 µL protease inhibitor (7A) and the same sample after 21 h incubation without salt wash and 
protease inhibitor (7B), spiked with internal standard, substrate peptide C. 
 
 
6.2.3 Applying the adapted Endopep-MS 

The most promising protocol after the conducted method optimization, i.e. the salt 
wash combined with 4 µL protease inhibitor cocktail, was applied on the French and 
Dutch samples using both substrate peptide C and D and antibody 1 and 2. For each 
run of samples, the Endopep reaction was executed twice where magnetic beads with 
antibody 2 bound to them were used in the first Endopep reaction in order to bind 
BoNT-C and D/C.  The same liver samples were then re-used in a second Endopep 
reaction but this time with antibody 1 order to bind the remaining possible toxins, i.e. 
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BoNT-D and C/D. If a sample becomes BoNT-C positive i.e. the C-CTP/IS and/or C-
NTP/IS cleavage products were 3 times larger than the blank samples’ C-CTP/IS and 
C-NTP/IS, with antibody 2, it is most likely BoNT-C and not its mosaic BoNT-C/D 
that was present in the sample.  BoNT C/D gives the same cleavage products as 
BoNT- C but antibody 2 would much rather bind to heavy C chain than heavy D 
chain. Meaning if the same sample were to be negative for BoNT-C cleavage with 
antibody 2 but positive with antibody 1 the toxin serotype would most likely be 
BoNT-C/D since antibody 1 binds to both heavy D and C chain but the heavy C chain 
would already have been extracted from the liver sample in the first Endopep 
reaction. And the same reasoning goes for BoNT- D/C and D. It is however possible 
for antibody 2 to bind to the heavy D chain if the toxin concentration is very high, but 
if so, the intensity of the cleavage products with antibody 2 would most likely be 
lower than with antibody 1 and the serotypes and their mosaics can be differentiated 
anyway.  

When running the 28 French samples, that according to PCR testing included 
10 BoNT-D/C positive, 11 BoNT-C/D positive, 1 BoNT-D positive and 6 negative 
samples, two of them became BoNT-D/C positive in accordance with the PCR results, 
see table 3. None of the samples were tested positive for BoNT-C/D or D. One 
important observation was that all samples that were tested negative with PCR did 
also become negative with this protocol, indicating that the false positive problem 
might have been solved. Why only two samples were positive may be because the rest 
of the samples might not contain any active toxin but only their encoding genes. It 
may also be possible that freezing and thawing the samples, and the fact that they are 
not fresh but some years old, can affect the toxins’ activity. A more detailed table of 
the results from French can be seen in Appendix A.  
	
Table 3: The PCR tested French samples and the results from the Endopep-MS with salt wash and 4 µL 
protease inhibitor protocol.  

Sample PCR Endopep-MS Sample PCR Endopep-MS 
5074 D/C Neg 5092 C/D Neg 

5075 D/C Neg 5103 C/D Neg 

5076 Neg Neg 5104 C/D Neg 

5078 D/C Neg 5105 C/D Neg 

5080 Neg Neg 5106 C/D Neg 

5082 D/C D/C 5107 C/D Neg 

5083 D/C Neg 5081 D/C Neg 

5084 D/C Neg 5090 Neg Neg 

5085 D/C Neg 5108 C/D Neg 

5086 D Neg 5109 C/D Neg 

5087 D/C Neg 5110 C/D Neg 

5088 Neg Neg 5111 Neg Neg 

5089 Neg Neg 5113 D/C D/C 

5091 C/D Neg 5114 C/D Neg 

 
 
The Dutch samples had been tested with MBA and if the samples became positive 
with MBA they should also be positive with Endopep-MS, since both methods detect 
active toxin. The MBA can however not differentiate the serotypes from their mosaics 
that Endopep-MS can, but only tell if it was BoNT-D or C light chain, meaning the 
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MBA cannot tell if the toxin is from BoNT-D or D/C or from BoNT- C or C/D 
because it cannot determine the toxins heavy chain.     
 
The first run of the Dutch samples with Endopep-MS was executed without the salt 
wash and protease inhibitor. This revealed that most of the samples contained 
endogenous proteases interfering with the Endopep-MS detection and that many of 
the samples contained high toxin concentrations and some of those samples were 
diluted in PBST (see Appendix B). The dilution was performed because a too high 
toxin concentration may lead to binding of the heavy D chain to antibody 2 despite 
the low affinity, which is unwanted. In the second run the selected protocol, i.e. salt 
wash and 4 µL inhibitor cocktail, was used in order to see if the BoNT type could be 
determined unambiguously, without unspecific cleavage affecting the results. Table 4 
represents results from the previously made MBA the Endopep-MS with salt wash 
and 4 µL protease inhibitor.  
 
Table 4. The MBA tested Dutch samples and the results from  
the Endopep-MS with salt wash and 4 µL protease inhibitor protocol.  

 
For the first time it was shown that nine 
of the samples, that previously had been 
determined as C light chain BoNT 
positive with the MBA, were in fact 
BoNT-C/D positive. One of the samples, 
sample 4990, where the toxin type was 
previously unknown, could also be 
determined as BoNT-C/D positive. 
Sample 4994, also previously unknown 
toxin serotype, contained such high toxin 
concentration that it could not be 
concluded whether the high C-CTP and 
C-NTP cleavage originated from BoNT- 
C or C/D, see Appendix B. To confirm 
the toxin type the sample needs to be 
diluted and reanalyzed. It was also 
observed that even though some of the 
samples were diluted, most of them gave 
a higher signal with the salt wash and 4 
µL inhibitor protocol compared to when 
not using that protocol and un-diluted 

samples, which is a clear indication that the unspecific cleavage of the substrate 
peptide had been successfully reduced (See Appendix B).  

Seven of the samples that had tested positive with the MBA were negative 
with Endopep-MS even after 22 h incubation (data not shown). The reason for that 
may perhaps be because there are different pieces of the same liver that is analyzed 
with MBA and Endopep-MS. It is not certain if the toxins are equally distributed or if 
their concentrations vary within the liver. Then there is also the fact that the samples 
were some years old and the age, freezing and thawing may affect the toxins’ activity.   
 
  
	

Sample MBA Endopep-MS 
4976 C Neg 

4977 C Neg 

4984 C C/D 

4985 C C/D 

4986 C C/D 

4987 C C/D 

4989 C Neg 

4990 Type unknown
a C/D 

4991 C Neg 

4992 C C/D 

4993 C Neg 

4994 Type unknown
a C or C/D

 

4995 C C/D 

4996 C Neg 

4998 C C/D 

5000 C C/D 

5005 C C/D 

5007 C Neg 
a Toxin had been detected but it not which serotype it was. 
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7. Conclusion 
 
The Endopep-MS method have been adapted and applied to avian liver samples. The 
unspecific cleavage caused by endogenous proteases that provided false positive 
results may have been resolved by including a salt wash in combination with the 
addition of 4 µL of a protease inhibitor cocktail to the previously validated Endopep-
MS method. 

The adapted method showed promising results but needs to be further 
validated. It would also be useful if this method and an established method, such as 
MBA, were tested on the same pieces of liver in order to confirm if the negative 
results from the Dutch samples were false negative results or if they came because of 
other reasons such as variation of toxin concentrations in the liver.   

In the future, it would be useful if this method could be applied to other 
matrices as well such as intestines, feed, excrement etc. in order to increase the range 
of possible matrices for detection of BoNTs. An increase of possible matrices for 
detection of BoNTs with Endopep-MS would certainly facilitate an eventual 
replacement of the mouse bioassay for the detection of botulinumtoxins.       

 
 
8. Acknowledgements 
 
I would like to start with thanking my supervisor Annica Tevell Åberg at SVA for her 
guidance and support trough the project and for always taking the time to answer 
questions. I would also like to thank my supervisor Mikael Hedeland at SVA for 
being there to answer questions and reviewing my work. Furthermore, I would like to 
thank Ahmad Amini at the Swedish Medical Products Agency for being my topic 
reviewer and Christian Sköld at Uppsala Biomedical Centre for being my examiner.  
 
 
 

 
 
 
 
 
 
 
 
 



	 19	

9. References	

 
[1]  Baldo, B. A. Safety of Biologics Therapy; Springer International Publishing AG 

Switzerland, 2016. 
[2]  Sobel, J. Clin. Infect. Dis. 2005, 41, 1167–1173. 
[3]  Critchley, E. M. R. J. R. Soc. Med. 1991, 84, 295–298. 
[4]  Arnon, S. S.; Schechter, R.; TV, I.; Henderson, D. A.; Bartlett, J. G.; Ascher, M. S.; 

Eitzen, E.; Fine, A.; Hauer, J.; Layton, M.; Lillibridge, S.; Osterholm, M. T.; O’Toole, 
T.; Parker, G.; Perl, T. M.; Russell, P. K.; Swerdlow, D. L.; Tonat, K. JAMA 2001, 
285, 1059–1070. 

[5]  Kalb, S. R.; Smith, T. J.; Moura, H.; Hill, K.; Lou, J.; Geren, I. N.; Garcia-Rodriguez, 
C.; Marks, J. D.; Smith, L. A.; Pirkle, J. L.; Barr, J. R. Int. J. Mass Spectrom. 2008, 
278, 101–108. 

[6]  Lebeda, F. J.; Cer, R. Z.; Mudunuri, U.; Stephens, R.; Singh, B. R.; Adler, M. Toxins 
(Basel). 2010, 2, 978–997. 

[7]  Centers for Disease Control and Prevention. Botulism in the United States 1899-1996: 
Handbook for Epidemiologists, Clinicians, and Laboratory Workers.; Atlanta, GA, 
USA Patent, 1998. 

[8]  Burgen, A. S. V.; Dickens, F.; Zatman, L. J. J. Physiol. 1949, 109 (1–2), 10–24. 
[9]  Sugiyama, H. Microbiol. Rev. 1980, 44, 419–448. 
[10]  Hatheway, C. L. Clin. Microbiol. Rev. 1990, 3, 66–98. 
[11]  Zhang, S.; Masuyer, G.; Zhang, J.; Shen, Y.; Lundin, D.; Henriksson, L.; Miyashita, 

S.-I.; Martínez-Carranza, M.; Dong, M.; Stenmark, P. Nat. Commun. 2017, 8, 1–10. 
[12]  Food and Drug Administration. 2012; pp 108–112. 
[13]  Dorner, M. B.; Schulz, K. M.; Kull, S.; Dorner, B. G. In Botulinum Neurotoxins; 

Springer-Verlag Berlin Heidelberg, 2013; pp 219–255. 
[14]  Takeda, M.; Tsukamoto, K.; Kohda, T.; Matsui, M.; Mukamoto, M.; Kozaki, S. Am. 

Assoc. Avian Pathol. 2005, 49, 376–381. 
[15]  Lindström, M.; Korkeala, H. Am. Soc. Microbiol. 2006, 19, 298–314. 
[16]  Perry, M. J.; Centurioni, D. A.; Davis, S. W.; Hannett, G. E.; Musser, K. A.; Egan, C. 

T. Toxins (Basel). 2017, 9, 1–13. 
[17]  Kalb, S. R.; Moura, H.; Boyer, A. E.; Mcwilliams, L. G.; Pirkle, J. L.; Barr, J. R. 2006, 

351, 84–92. 
[18]  Wang, D.; Baudys, J.; Kalb, S. R.; Barr, J. R. Anal. Biochem. 2011, 412, 67–73. 
[19]  Björnstad, K.; Tevell Åberg, A.; Kalb, S. R.; Wang, D.; Barr, J. R.; Bondesson, U.; 

Hedeland, M. Anal. Bioanal. Chem. 2014, 406, 7149–7161. 
[20]  Rosen, O.; Feldberg, L.; Yamin, T. S.; Dor, E.; Barnea, A.; Weissberg, A.; Zichel, R. 

Sci. Rep. 2017, 7, 1–8. 
[21]  Wang, D.; Krilich, J.; Baudys, J.; Barr, J. R.; Kalb, S. R. Bioorganic Med. Chem. 

2015, 23, 3667–3673. 
[22]  Boyer, A. E.; Moura, H.; Woolfitt, A. R.; Kalb, S. R.; McWilliams, L. G.; 

Pavlopoulos, A.; Schmidt, J. G.; Ashley, D. L.; Barr, J. R. Anal. Chem. 2005, 77, 
3916–3924. 

[23]  Tevell Åberg, A.; Björnstad, K.; Hedeland, M. Biosecurity Bioterrorism Biodefense 
Strateg. Pract. Sci. 2013, 11, 215–226. 

[24]  Lartigue, M.-F. Infect. Genet. Evol. 2013, 13, 230–235. 
	



	 20	

Table 5. An overview of the results of the French samples with Endopep-MS combined with the salt wash and 4 µL inhibitor 
protocol-using antibody 1 (binds to BoNT- C, C/D, D and D/C) and antibody 2 (binds to BoNT-C and D/C). The results are 
presented as x blank, i.e. how many times larger the samples signal was compared to the blanks signal. The green marking shows 
samples that are equal to or 3 timer larger than the blank.  

Table 6. An overview of the results of the Dutch samples with Endopep-MS combined with the salt wash and 4 µL inhibitor protocol 
using antibody 1 and 2 compared to when not using salt wash and protease inhibitor. When the “no salt wash and protease inhibitor” 
run was executed, the samples were not diluted. The results are presented as x blank. The green marking shows samples that are 
equal to or 3 timer larger than the blank.  
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