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Abstract

It is essential to have a simple, quick and sensitive method for the detection and quantification of 

botulinum neurotoxins, the most toxic substances and the causative agents of botulism. Type C 

botulinum neurotoxin (BoNT/C) represents one of the seven members of distinctive BoNT 

serotypes (A to G) that cause botulism in animals and avians. Here we report the development of 

optimized peptide substrates for improving the detection of BoNT/C and /CD mosaic toxins using 

an Endopep-MS assay, a mass spectrometry-based method that is able to rapidly and sensitively 

detect and differentiate all types of BoNTs by extracting the toxin with specific antibodies and 

detecting the unique cleavage products of peptide substrates. Based on the sequence of a short 

SNAP-25 peptide, we conducted optimization through a comprehensive process including length 

determination, terminal modification, single and multiple amino acid residue substitution, and 

incorporation of unnatural amino acid residues. Our data demonstrate that an optimal peptide 

provides a more than 200-fold improvement over the substrate currently used in the Endopep-MS 

assay for the detection of BoNT/C1 and /CD mosaic. Using the new substrate in a four-hour 

cleavage reaction, the limit of detection for the BoNT/C1 complex spiked in buffer, serum and 

milk samples was determined to be 0.5, 0.5 and 1 mouseLD50/mL, respectively, representing a 

similar or higher sensitivity than that obtained by traditional mouse bioassay.

1. Introduction

Botulinum neurotoxins (BoNTs) produced by some species of the genus Clostridium can 

cause a life-threatening disease, botulism, in humans and animals through blocking the 

transmission of acetylcholine at the neuromuscular junction leading to flaccid paralysis1. 

There are seven structurally related serotypes of BoNTs; type A, B, E, and F cause human 

botulism, type C, D, and E are responsible for animal and avian botulism, and type G was 

isolated from soil but has not been known to cause a natural case of botulism 2. The BoNTs 

belong to a family of zinc-dependent metalloproteases which consists of two polypeptide 

chains linked through a disulfide bond. The heavy chain of approximately 100 kDa is 

responsible for binding and entering targeted cells. The 50 kDa light chain functions as an 

endoprotease domain which cleave neuronal proteins involved in exocytosis of 
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neurotransmitters, such as SNAP-25, synaptobrevin (VAMP2) and syntaxin, and each BoNT 

has a distinct cleavage site on these SNARE substrates3.

BoNT/C1 is a common term for the type C botulinum neurotoxin which will be referred as 

BoNT/C throughout this manuscript. BoNT/C is different from the botulinum C2 toxin, 

which is not a neurotoxin but is a toxic protein that catalyzes the ADP-ribosylation of G-

actin4. Some Clostridium botulinum strains produce neurotoxins as mosaic isoforms of 

BoNT /C and /D known as C/D or D/C mosaics. The BoNT C/D and D/C mosaics are 

composed of a chimeric structure of type C and D neurotoxins where the first letter 

designates the light chain activity and the second the heavy chain specificity 5. It has been 

reported that BoNT/CD and /DC mosaics are associated with avian and bovine botulism 6–9. 

Unlike other BoNTs that only target one native substrate, either SNAP-25 or VAMP2, 

BoNT/C and BoNT/CD are able to hydrolyze two substrates: SNAP-25 1011 and 

syntaxin12, 13. The BoNT/C cleavage site on SNAP-25 is Arg198-Ala199, just one residue 

towards the C-terminus from the scission bond for BoNT/A on this substrate. The hydrolysis 

of syntaxin by the light chain of BoNT/C and /CD occurs at Lys253-Ala254 near the 

carboxyl-terminal region of the substrate. Although BoNT/C was reported to be almost as 

active as BoNT/A in an in vivo assay, the in vitro cleavage efficiency of SNAP-25 by 

BoNT/C, was demonstrated to be much lower than that by BoNT/A14.

For rapid and sensitive detection of botulinum neurotoxins, many in vitro endopeptidase 

activity assays based on BoNT’s intrinsic enzymatic function have been developed as 

alternatives to the mouse bioassay. The mouse bioassay is the historic standard method. It 

requires the use of many laboratory animals and is relatively slow 15. Peptides derived from 

the native substrates have been used as substrates for endopeptidase methods and the 

presence of BoNT is determined through the detection of cleavage products using various 

detection platforms. A previous report has shown that a long peptide, SNAP-25(93–206), 

can be cleaved by BoNT/C as efficiently as full-length SNAP-2514. Short versions of a 

SNAP-25 peptide have also been used as substrates to determine the proteolytic activity of 

BoNT/C in endopeptidase immunoassays and HPLC assays16, 17. In addition to SNAP-25, 

peptides derived from syntaxin (232–266) have also been utilized as BoNT/C substrate in an 

endopeptidase assay17.

A mass spectrometry-based Endopep-MS assay which detected all seven BoNT serotypes 

was developed in our laboratory utilizing modified SNAP-25 or syntaxin peptide substrates 

for the determination of BoNT/C and BoNT/CD cleavage activities 8, 18, 19. BoNT/C 

detection by this strategy was not very sensitive in relation to the mouse bioassay and 

needed improvements. In this report, we describe the development of novel peptide 

substrates for improving sensitivity of the Endopep-MS assay for the sensitive detection of 

BoNT/C and /CD toxins.

2. Material and methods

2.1 Materials

All chemicals were obtained from Sigma–Aldrich (St. Louis, MO) except where indicated 

otherwise. Fmoc-amino acid derivatives and peptide synthesis reagents were purchased from 
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EMD Chemicals, Inc. (Gibbstown, NJ) or Protein Technologies (Tucson, AZ). Isotopically 

labeled Fmoc-amino acid derivatives were purchased from Cambridge Isotope Laboratories 

(Tewksbury, MA). Botulinum type C toxin complex was obtained from Metabiologics 

(Madison, WI). The specific activity determined by mouse bioassay and protein 

concentration of the toxin was provided by the manufacturer. The culture supernatant of 

BoNT/CD mosaic was provided by Theresa Smith of the United States Army Medical 

Research Institute of Infectious Diseases (USAMRIID). Monoclonal antibody 8DC1.2 was 

provided by Dr. James Marks at the University of California, San Francisco. Streptavidin 

coated Dyna-beads were purchased from Invitrogen (Lake Success, NY). Botulinum 

neurotoxin is a highly toxic substance and therefore requires appropriate safety measures. 

All neurotoxins were handled by trained personnel in a level 2 biosafety cabinet equipped 

with HEPA filters and all standard safety handling and decontamination procedures were 

followed. Serum was collected from anonymous donors and was purchased from the 

Interstate Bloodbank. No demographic information was obtained.

2.2 Peptide synthesis

All peptides were prepared in house by a solid phase peptide synthesis method using Fmoc 

chemistry on a Liberty microwave peptide synthesizer (CEM, Matthews, NC, USA) or 

Symphony X peptide synthesizer (Protein Technologies, Tucson, AZ, USA). Peptides were 

cleaved and deblocked using a reagent mixture of 94% trifluroacetic acid: 2.5% water: 2.5% 

1,2-ethanedithiol:1% triisopropyl silane and purified by reversed-phase HPLC using a 0.1% 

TFA water:acetonitrile gradient. Correct peptide structures were confirmed by MALDI mass 

spectrometry. All peptides were dissolved in deionized water as a 1 mM stock solution and 

were stored at −70°C until further use.

2.3 Endopep-MS assay

In-solution or on-bead Endopep-MS assays were carried out as previously described 20. In 

brief, the reaction was conducted in a 20 μL reaction volume containing 0.1 mM peptide 

substrate, 10 μM ZnCl2, 1 mg/mL BSA, 10 mM dithiothreitol, and 200 mM HEPES buffer 

(pH 7.4) at 42°C for 4 hrs or as indicated in the text. For the in-solution assays without 

antibody-coated beads, various concentrations of BoNT/C (as indicated in the results and 

discussion section) were directly added into the reaction mixture. For samples including 

complex matrices and BoNT/CD mosaic supernatant, the toxin spiked in matrix was first 

purified by a BoNT/D specific antibody and immobilized on streptavidin beads, followed by 

an activity assay as described 20.

After completion of the timed reaction, 2 μL of the supernatant was mixed with 16 μL of α-

cyano-4-hydroxy cinnamic acid at 5 mg/mL in 50% acetonitrile/0.1% TFA/1 mM 

ammonium citrate; 2 μL of a 0.5 or 1 μM internal standard peptide (isotope labeled peptides 

resembling the sequence of either the C- or N-terminal cleavage product of some peptide 

substrates during optimization process) was added to the solution if the peptide was used. 

The formation of cleavage products was measured as the ratio of the isotope cluster areas of 

the MS peak of the cleavage product versus an internal standard. The data were usually an 

average of three experiments. CV values for the samples were typically below 20%.
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2.4 MS detection

Each sample was spotted in triplicate on a MALDI plate and analyzed on a 5800 MALDI-

TOF-TOF MS instrument (Applied Biosystems, Framingham, MA). Mass spectra of each 

spot were obtained by scanning from 800 to 4000 m/z in MS-positive ion reflector mode. 

The instrument uses a Nd-YAG laser at 355 nm, and each spectrum is an average of 2400 

laser shots.

3. Results and discussion

3.1 Selection of an appropriate template as a BoNT/C substrate

The principle of the mass spectrometry-based Endopep-MS assay includes the detection of 

cleavage products hydrolyzed from a peptide substrate by BoNT by matrix-assisted laser 

desorption/ionization (MALDI) or electrospray ionization (ESI) mass spectrometry. The 

focus of this work will be on the detection by MALDI TOF MS. Improvements in assay 

sensitivity directly rely on elevated peak intensities of the cleavage peptide fragments 

arising from either increased hydrolysis efficiency or amplified ionization efficiency of the 

products or both effects combined. Therefore, the only parameter we focused on in this 

study was the change in the intensity of the cleavage product peak in a mass spectrum 

resulting from optimization of the structure of a BoNT/C peptide substrate, regardless if the 

change was caused by creation of a better substrate (related to hydrolysis), or a better 

cleavage product (related to ionization by MALDI) or a combination of both effects.

In order to determine an appropriate sequence template as a starting point for the 

optimization of BoNT/C substrate, three synthetic peptides were initially examined (Table 

1). Pep-1 was derived from SNAP-25 with some terminal and internal modifications. This is 

a dual substrate of BoNT/A and BoNT/C used in the Endopep-MS activity assay 8, 18, 19. 

Pep-2 is among some syntaxin peptides prepared in our laboratory in a previous 

investigation of potential BoNT/C substrates (unpublished data). Pep-3 is a 15-mer peptide 

comprising SNAP-25 (191–204) sequence with the addition of Arg to its C-terminus and 

modifications at both C- and N-termini. This peptide was found to be one of the promising 

candidates as a BoNT/A substrate in a previous study, but was not examined for BoNT/C 

hydrolysis (unpublished data). Assessment of these peptides for BoNT/C activity showed 

the absence of any fragment peaks in control samples (Fig. 1A and 1C) but the presence of 

pairs of new peaks in reaction samples (Fig. 1B and 1D), showing that Pep-2 and Pep-3, 

similar to Pep-1, are effective substrates of BoNT/C in the Endopep-MS activity assay. A 

comparison of the peak area ratios of the cleavage products versus the internal standard 

(Table 1) indicates that Pep-3 yielded more C-terminal cleavage product (CT-product) and 

N-terminal product (NT-product) than the currently used substrate, Pep-1, and thus it was 

selected as a SNAP-25 peptide template for further improvement. In parallel, we also 

attempted to develop a better syntaxin sequence-based substrate using Pep-2 as a template. 

However, the development procedure of this type substrate is not included in the present 

discussion, since the final optimal peptide from the template showed less ideal results than 

the optimized SNAP-25 sequence-based peptides.
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The ionization efficiency of a peptide can sometimes be promoted in positive ion mode mass 

spectrometry, if it contains basic amino acid residues such as lysine and arginine in its 

sequence, due to the high proton affinity of these amino acid residues21. For this reason, we 

incorporated two more arginine residues into the Pep-3 sequence by replacing existing C-

terminal leucine and glycine to form Pep-4 as the first optimization step, in order to achieve 

better detection of the CT-product. An additional substitution of methionine with norleucine 

(X) was made in Pep-5 in an attempt to avoid unwanted oxidation of this residue during the 

peptide preparation and storage. Unlike Pep-4, two arginine residues were directly added in 

Pep-6 to the C-terminus of the template without making any other changes to the template 

sequence. Evaluation of these three new peptides demonstrated that the replacement of LG 

with RR in Pep-4 led to a significant decrease in the detection of both CT- and NT-products 

(Table 1). Because Pep-4 and Pep-3 share the same sequence in their N-terminal cleavage 

parts, the 10-fold reduction in the NT-products suggested that reduced detection of the 

cleavage products from Pep-4 were caused by decreased substrate efficiency of the modified 

peptide. By comparing Pep-5 with Pep-4, the substitution of methionine by norleucine, a 

general alternate used in peptide mutation, completely diminished the capability of the Pep-5 

as a BoNT/C substrate under the experimental conditions used, indicating that residues at 

the position close to the cleavage site (such as Leu, Gly, and Met here) are susceptible to 

change in their structures. By contrast, addition of two extra arginine residues (Pep-6) did 

not impact its substrate cleavage efficiency but led to a slight improvement in the detection 

of both cleavage products as compared to Pep-3.

We next examined if extending the length of Pep-6 enhanced assay sensitivity. Pep-7 

through Pep-10 was constructed by adding a single amino acid residue each time to the 

template, based on the SNAP-25 sequence, to the N-terminus of Pep-6 (Table 1). While a 

similar level of CT-product was generated from Pep-7 (Peak area ratio: 2.6) and Pep-10 

(2.6) compared to that for Pep-6 (2.6), significant elevation of the CT-product was observed 

from the cleavage of Pep-8 (3.1) and Pep-9 (4.5). An almost two-fold increase in both CT-

product and NT-product from the cleavage of Pep-9 revealed that the string of NKT in the 

N-terminus of Pep-9 improved its hydrolysis efficiency as a BoNT/C substrate and the 

ionization efficiency of its NT-product.

3.2 Optimization by single and multiple amino acid residue substitution

Using Pep-9 as a new template, the effect of substitutions of some residues located around 

the cleavage site and the peptide termini were investigated. The N-terminal asparagine (N1) 

was replaced with the residues of various properties (Fig. 2A). By comparing the formation 

of the CT-product of these new peptides, it was observed that the mutants of N1Q and N1D 

performed similarly or relatively better than the wild type (Pep-9) did. By contrast, no 

response was detected on a N2R mutant, indicating that the introduction of a positive charge 

side chain at this position diminished the substrate capability of binding. Interestingly, 

replacement of the N1 residue with three nonpolar residues G, A, or V, generated a more 

effective substrate, where the CT-products were more than two-fold higher than that of the 

original Pep-9, presumably due to improved substrate-enzyme interaction. On the other 

hand, reduced CT-product formation from the N1F mutant suggests that a bulky aromatic 

ring of the phenylalanine side chain, even though nonpolar, might disfavor the substrate-
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enzyme interaction. Consequently the N1V mutant (Pep-11) was subjected to further 

improvement; where the residue Q10, immediately adjacent to the scission bond residue R11 

was exchanged to A, K, D and N. As shown in Figure 2B, both positive and negative 

charges at this position completely destroyed the substrate activity of the modified peptides, 

while the nonpolar and small sized alanine was tolerated and did not enhance or diminish the 

peptide cleavage. By contrast, a structurally minor substitution (Pep-12), Q10N with one 

methyl group removed in this side chain, surprisingly resulted in a dramatic improvement 

where the production of the cleavage product increased five-fold. These results underline the 

importance of the amino acid residues at or around the cleavage site, where a subtle change 

in structure can make an enormous difference in peptide activity. Figure 2C displays the 

result from the peptides derived from substitutions of N9 in Pep-12 by the amino acids Q, A, 

D, E, or K. Unlike previous modifications at position 10, all peptides with substitution at 

position 9 underwent only moderate changes in cleavage efficiency. The Pep-13 bearing the 

N9Q mutation was then selected as a new template, due to its slight improvement on assay 

sensitivity.

To examine the contribution and potential of other amino acid residues in Pep-13 for the 

detection of the cleavage products, an Ala-scanning peptide library was prepared where each 

non-alanine residue (not modified previously) was sequentially substituted by alanine. In 

addition, glycine was used to substitute each of the two alanine residues to form two more 

peptides. Also, the cleavage-site forming arginine was replaced by lysine rather than alanine 

to retain the positive charge property at this position, considering that other non-trivial 

changes in this position might negatively alter the function of a peptide substrate. Moreover, 

two more peptides were prepared by either removing the acetyl group on the N-terminus or 

by omitting C-terminal amidation in Pep-13. Only the CT-products were compared since the 

CT-product peaks cleaved from all peptides tested were higher than that of its N-terminal 

counterpart. Figure 3 displayed the response of these single-mutated peptides under the 

cleavage of BoNT/C and the results were grouped into five categories in terms of relative 

CT-product measurement. The level of the cleavage products declined more than 80% when 

either of the only two acidic residues, D6 and E7, were substituted by alanine, implying that 

negative charges at these positions are necessary to maintain the high hydrolysis efficiency 

of the substrate (Pep-13). Similar impact was detected when the original alanine residues, A8 

and A12, were switched to the smaller glycine residues, suggesting the importance of 

retaining at least the side chain of alanine or maintaining a chiral configuration at these 

positions. Reduced hydrolysis (30 – 50%) was also observed on peptides where either of the 

terminal protection groups were removed, indicating that terminal acetylation and 

amidation, which was originally designed to make the peptide stable in a biological matrix, 

somehow promoted enzymatic hydrolysis of Pep-13 by the BoNT/C.

While some mutations or modifications described above led to a reduced cleavage response, 

others either improved or did not alter the cleavage of the modified peptides. The alanine 

substitution of the isoleucine residue at position 5 and the glycine residue at position 11 led 

to a 70% and 30% improvement, respectively. This demonstrated that just small changes in 

the size, but not the polarity, of the side chains of these two residues improve the BoNT/C 

hydrolysis of these substituted peptides. The most striking improvement occurred when the 

cleavage-site residue arginine was changed to lysine, a similar residue that possesses a 
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positive charge. The R11K substituted peptide, Pep-14, resulted in a 2.6-fold enhancement 

in the formation of the CT-product, therefore it was selected as a new template for further 

optimization.

The next refinement step was to manipulate the sequence of Pep-14 with multiple 

substitutions in an attempt to gain additional improvements. Although several single-

substitutions displayed improved results, simply placing together these substitutions into a 

single sequence may not guarantee an augmented effect. Any single substitution on the 

peptide may or may not alter its conformation and affect its intra- and/or intermolecular 

interactions. Therefore, the introduction of a specific additional substitution(s) to a singly-

substituted peptide (with positive results) may not provide the same positive benefit on a 

new doubly or multiply-modified one; as it did on the original, non-substituted peptide. For 

this reason, we applied a strategy that screens selected residues from C- to N-terminus of 

Pep-14 with various substitutions, based on the information obtained from the single-

substitution study described above. Once a better residue is determined at a specific position, 

the residue becomes a fixed substitution incorporated into the sequence for the next 

screening. Table 2 lists multiple-substituted peptides obtained following this approach, 

where red letters represent the newly incorporated residues on the sequence of Pep-14. 

Starting from the glycine residue at position 17, the effect of G17A in Pep-15 gave rise to a 

similar increase (from 1.0 to 1.3) on the CT-product level as the same mutation on Pep-13. 

Extension of the nonpolar side chain of isoleucine at position 17 in Pep-16 resulted in more 

CT-product detected; presumably due to enhanced hydrophobic-hydrophobic interaction 

between enzyme and substrate or increased ionization efficiency of the cleavage product. 

This effect, however, was diminished by an even larger phenylalanine group in Pep-17. As a 

result, the Ile residue was fixed in this position for further optimization. Ala-scanning data 

indicated that the original residues in the region of T13 – L16 were important, hence only 

conservative substitutions were conducted on these positions. L16G caused a slight 

improvement (2.3 in Pep-16 vs 2.7 in Pep-18), leading to a permanent placement of glycine 

at this position. Added advantages of this replacement include potentially reducing 

hydrophobicity of a peptide, which may decrease the difficulty of peptide synthesis, and 

improve peptide solubility in enzymatic reaction solutions. By contrast to L16G, 

replacement of L16 with a positively charged K or a negatively charged D yielded inferior 

substrates (Pep-19 and Pep-20), underscoring the significance that a conservative 

substitution is required in this position. For the residue at the position 14, however, even a 

substitution with similar properties, K14R, gave rise to a significant reduction in the 

cleavage product (Pep-21 vs Pep-18). Meanwhile, the amount of the product (5.2) doubled 

once the T13 was substituted with serine (Pep-22 vs Pep-18). Interestingly, this significant 

improvement could be negated by combining the T13S and K14R substitutions (Pep-21). 

This effect was not unexpected, since the residues at these positions are very close to the 

cleavage site of the BoNT/C substrate, and may directly participate in the hydrolysis process 

and are therefore more susceptible to any changes.

The residue at position 5 was the next one to be considered, due to increased CT-product 

from an I5A substitution. Various amino acids of different side chain properties were tested 

to replace isoleucine at this position (Pep-24 to Pep-29), however, reduced performance or 

inferior results were observed for all of these mutants. Although the I5A substitution on the 
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original Pep-13 resulted in an elevated cleavage product, this mutation (Pep-24) derived 

from the sequence of Pep-22 (which included four newly replaced residues) led to the 

detection of fewer CT-products (3.9 for Pep-24 vs 5.2 for Pep-22); underscoring the 

difference between single- and multiple-substitutions as discussed above. When the arginine 

residue in position 4 was replaced by a different type of amino acid, all peptides (Pep-30 to 

Pep-34) displayed better performance as BoNT/C substrates compared to Pep-22, 

demonstrating the flexible requirements of the amino acid residues in this position. With 

Pep-34 as a new template, conservative substitution of threonine in position 3 with serine 

(Pep-35) or tyrosine (Pep-36), further improved the yield of the cleavage products (9.6 and 

10.1) compared to the template (8.6). By contrast, lower hydrolysis products resulted from 

another conservative amino acid change in position 2 (K2R) in Pep-37 (7.2) and this 

reduction was not overcome by a double mutation of K2R and T3S in Pep-38 (7.3).

Given the success of the substitution of the original cleavage site residue, R11, with another 

positively charged lysine residue in Pep-14; we then explored the effect of replacing two 

lysine residues (K11 and K14) in Pep-36, the best BoNT/C substrate up to now, with 

ornithine (represented by O). Ornithine is a non-essential amino acid derived from the 

breakdown of arginine during the citric acid cycle and has a structure similar to lysine but 

one methyl group shorter than the latter (Fig. 4). When K14, two residues downstream from 

the cleavage site, was changed to ornithine (Pep-39), a remarkable enhancement (2.6 fold) 

was obtained (Table 2). In addition, a moderate improvement (10.1 to 12.3) was detected 

from K11O substitution (Pep-40) and almost two-fold increase in CT-product detection 

(10.1 to 19.2) was achieved with K11O/K14O combination (Pep-41). Because the chemical 

properties of lysine and ornithine are similar, these improvements were unlikely to result 

from the elevated ionization efficiency of the CT-product during mass spectrometric 

acquisition. A more reasonable explanation could be that the positively charged residue in 

position 14 is directly involved in an enzyme-substrate interaction(s) or cleavage process, 

and a short side chain of ornithine further enhances such interaction(s). The elucidation of 

the mechanism that underlies this phenomenon will require additional biochemical and 

biophysical studies, such as crystallography analysis.

3.3 Comparison of the optimal peptide with the original substrate and its application in 
biological sample matrices

The optimal peptide, Pep-39, was then compared to Pep-1, the originally-used substrate 

described in the Endopep-MS assay for the detection of type C botulinum neurotoxin18. The 

substrates were tested with two major forms of toxins: one is BoNT/C as a complex with 

neurotoxin-associated proteins, and another one is the C/D mosaic containing an enzymatic 

light chain very similar to BoNT/C and a heavy chain similar to BoNT/D. As shown in 

Table 3, the area ratio of CT-product versus the internal standard was measured as 0.3 from 

Pep-1 compared to the value of 70.6 from Pep-39 cleaved by BoNT/C under identical 

experimental conditions. The product peak increased from 0.2 for Pep-1 to 41.3 for Pep-39 

with the cleavage by C/D mosaic. Both results represent more than 200-fold increase in the 

detection of the cleavage product, demonstrating a dramatic enhancement in the sensitivity 

of the Endopep-MS assay. Figure 5 displays the assay results for various concentrations of 

BoNT/C spiked in reaction buffer and two complex matrices, serum and milk. Good 
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linearity within the test range of toxin concentrations was obtained and the limit of detection 

of 0.5, 0.5 and 1.0 mouseLD50 (1pg/mL or 5.5 attomole/mL) toxin in buffer, serum and milk 

was accomplished after a 4 hour cleavage reaction (Fig. 5) in contrast to the LOD of 50 

mouseLD50 of the toxin in buffer using the old substrate under the same assay conditions 

(data not shown).

4. Conclusion

Novel peptide substrates were developed for the mass spectrometry-based Endopep-MS 

assay for the detection of type C botulinum neurotoxin. Based on the sequence of a small, 

modified, SNAP-25 peptide, we conducted optimization through a comprehensive process 

including length determination, terminal modification, single and multiple amino acid 

residue substitution, and incorporation of unnatural amino acid residues. Our data 

demonstrate that an optimal peptide substrate (Ac-VKYNIDEAQNKASOMGIRRR-NH2, O 

= ornithine) provided more than 200-fold improvement over the original substrate used for 

the detection of BoNT/C and /CD mosaic. The sensitivity for the detection of BoNT/C using 

the Endopep-MS assay was significantly increased. The new peptide substrate allows the 

accomplishment of a similar or higher sensitivity than that obtained using the traditional 

mouse bioassay, however the Endopep-MS assay is more rapid, requiring only a four hour 

reaction time. The limit of detection for the BoNT/C complexes spiked in buffer, serum and 

milk samples was determined to be 0.5, 0.5 and 1 mouseLD50/mL, respectively.

References

1. Werner SB, Passaro D, McGee J, Schechter R, Vugia DJ. Clinical infectious diseases. 2000; 
31:1018. [PubMed: 11049786] 

2. Schiavo G, Matteoli M, Montecucco C. Physiological Reviews. 2000; 80:717. [PubMed: 10747206] 

3. Wictome M, Shone CC. Society for Applied Microbiology symposium series. 1998; 27:87S. 
[PubMed: 9750365] 

4. Aktories K, Bärmann M, Ohishi I, Tsuyama S, Jakobs KH, Habermann E. Nature. 1986; 322:390. 
[PubMed: 3736664] 

5. Moriishi K, Koura M, Abe N, Fujii N, Fujinaga Y, Inoue K, Ogumad K. Biochimica et biophysica 
acta. 1996; 1307:123. [PubMed: 8679691] 

6. Woudstra C, Skarin H, Anniballi F, Fenicia L, Bano L, Drigo I, Koene M, Bäyon Auboyer M-Hln, 
Buffereau J-P, De Medici D, Fach P. Applied and environmental microbiology. 2012; 78:3120. 
[PubMed: 22344654] 

7. Nakamura K, Kohda T, Umeda K, Yamamoto H, Mukamoto M, Kozaki S. Veterinary microbiology. 
2010; 140:147. [PubMed: 19720474] 

8. Hedeland M, Moura H, Båverud V, Woolfitt A, Bondesson U, Barr J. Journal of medical 
microbiology. 2011; 60:1299. [PubMed: 21566090] 

9. Björnstad K, Tevell Åberg A, Kalb S, Wang D, Barr J, Bondesson U, Hedeland M. Analytical and 
bioanalytical chemistry. 2014; 406:7149. [PubMed: 25228079] 

10. Foran P, Lawrence GW, Shone CC, Foster KA, Dolly JO. Biochemistry. 1996; 35:2630. [PubMed: 
8611567] 

11. Williamson LC, Halpern JL, Montecucco C, Brown JE, Neale EA. Journal of biological chemistry. 
1996; 271:7694. [PubMed: 8631808] 

12. Blasi J, Chapman ER, Yamasaki S, Binz T, Niemann H, Jahn R. EMBO journal. 1993; 12:4821. 
[PubMed: 7901002] 

13. Schiavo G, Shone CC, Bennett MK, Scheller RH, Montecucco C. Journal of biological chemistry. 
1995; 270:10566. [PubMed: 7737992] 

Wang et al. Page 9

Bioorg Med Chem. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Vaidyanathan VV, Yoshino K, Jahnz M, Drries C, Bade S, Nauenburg S, Niemann H, Binz T. 
Journal of neurochemistry. 1999; 72:327. [PubMed: 9886085] 

15. Singh A, Stanker L, Sharma S. Critical reviews in microbiology. 2013; 39:43. [PubMed: 
22676403] 

16. Rawat R, Ashraf Ahmed S, Swaminathan S. Protein expression and purification. 2008; 60:165. 
[PubMed: 18482846] 

17. Jones RGA, Liu Y, Sesardic D. Journal of immunological methods. 2009; 343:21. [PubMed: 
19176217] 

18. Boyer A, Moura H, Woolfitt A, Kalb S, McWilliams L, Pavlopoulos A, Schmidt J, Ashley D, Barr 
J. Analytical chemistry. 2005; 77:3916. [PubMed: 15987092] 

19. Moura H, Terilli R, Woolfitt A, Gallegos Candela M, McWilliams L, Solano M, Pirkle J, Barr J. 
FEMS immunology and medical microbiology. 2011; 61:288. [PubMed: 21205003] 

20. Wang D, Baudys J, Kalb S, Barr J. Analytical biochemistry. 2011; 412:67. [PubMed: 21276417] 

21. Krause E, Wenschuh H, Jungblut PR. Analytical chemistry. 1999; 71:4160. [PubMed: 10517141] 

Wang et al. Page 10

Bioorg Med Chem. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
MALDI mass spectra for the detection of BoNT/C using Pep-2 without (A) and with (B) 

1000 mouseLD50 toxin added, and using Pep-3 without (C) and with (D) toxin added. The 

peaks of doubly charged substrate ions and both N-terminal and C-terminal cleavage 

products were labeled.
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Figure 2. 
Formation of CT-product generated from the BoNT/C cleavage of single substituted 

peptides. (A) In wild type Pep-9 (Ac-

N1K2T3R4I5D6E7A8N9Q10R11A12T13K14M15L16G17R18R19R20-NH2) template (wt), the N1 

was replaced with Q, D, R, G, A, F, or V, respectively, in seven new peptides. (B) In Pep-11 

(Ac-V1K2T3R4I5D6E7A8N9Q10R11A12T13K14M15L16G17R18R19R20-NH2), Q10 was 

substituted with A, K, D or N, respectively. (C) In Pep-12 (Ac-

V1K2T3R4I5D6E7A8N9N10R11A12T13K14M15L16G17R18R19R20-NH2), the N9 was changed 

to Q, A, D, E, or K residue, respectively.
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Figure 3. 
Cleavage efficiency of single substituted Pep-13 hydrolyzed by 100 mouseLD50 BoNT/C. 

The top row is the primary amino acid sequence of Pep-13. The bottom row represents the 

point mutated peptide-13. These peptides include two mutants that lack either N-terminal 

acetylation or C-terminal amidation. Underlined are the residues at the BoNT/C cleavage 

site.
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Figure 4. 
Structure of the three positively charged amino acids: arginine, lysine and ornithine.
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Figure 5. 
(left) Product response from the cleavage of Pep-39 by BoNT/C of various concentrations 

spiked in buffer (○, R2=0.999), serum (□, R2=0.999) and milk (△, R2=0.998). LODs were 

determined to be 0.5, 0.5 and 1.0 mouseLD50/mL for buffer, serum and milk, respectively. 

Reaction condition: 37°C, 4 hours. (right) Typical mass spectra of the cleavage reactions 

without (upper) and with (lower) adding toxin.
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Table 1

Cleavage of peptide substrates by BoNT/C.a

Peptide # Sequence
Area ratio

CT-product NT-product

Pep-1b Biot-KGSNRTRIDEANQRATRMLGGK-Biot 0.7 0.5

Pep-2 YVERAVSDTKKAVKYQSKARRKKIMII 0.2 0.7

Pep-3 Ac-RIDEANQRATKMLGR-NH2 2.3 1.5

Pep-4 Ac-RIDEANQRATKMRRR-NH2 0.2 0.1

Pep-5 Ac-RIDEANQRATKXRRR-NH2 0.0 0.0

Pep-6 Ac-RIDEANQRATKMLGRRR-NH2 2.6 1.7

Pep-7 Ac-TRIDEANQRATKMLGRRR-NH2 2.5 2.0

Pep-8 Ac-KTRIDEANQRATKMLGRRR-NH2 3.1 1.5

Pep-9 Ac-NKTRIDEANQRATKMLGRRR-NH2 4.5 2.8

Pep-10 Ac-SNKTRIDEANQRATKMLGRRR-NH2 2.6 1.1

a
cleavage reaction: 20μL reaction solutions including 500 mouseLD50 toxin, 100μM peptide and other components. 42°C for 4 hours.

b
the Pep-1 is the BoNT/C substrate originally used in the Endopep-MS assay. Biot represent biotination modifier. Underline residues represent 

BoNT/C cleavage site.
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Table 2

Effect of single or mutiple substitutions on the cleavage efficiency of modified peptides by BoNT/C.*

*
Red letters represent substituted residues. X: norleucine; O: ornithine
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Table 3

Cleavage of the current (Pep-1) and newly developed (Pep-39) substrates hydrolyzed by BoNT/C and /CD 

mosaic. *

BoNT
Area ratio (CT-product)

Pep-1 Pep-39

C1 0.3 70.6

C/D mosaic 0.2 41.3

*
BoNT/C (100 mouseLD50) was directly added into the reaction solution. BoNT/CD mosaic was purified from 2μL culture supernatant spiked 

PBST buffer via antibody-b eads followed by on-beads reaction. Experiment performed in triplicate.
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