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Abstract
Botulinum neurotoxins (BoNTs), which are highly toxic proteins responsible for botulism, are
produced by different strains of Clostridium botulinum. These various strains of bacteria produce
seven distinct serotypes, labeled A-G. Once inside cells, the zinc-dependent proteolytic light chain
(LC) degrades specific proteins involved in acetylcholine release at neuromuscular junctions
causing flaccid paralysis, specifically SNAP-25 for BoNT/A.

BoNT endopeptidase assays using short substrate homologues have been widely used and
developed because of their ease of synthesis, detection limits and cost. SNAPtide, a 13-amino acid
FRET peptide, was used in this study as a SNAP-25 homologue for the endopeptidase kinetics
study of BoNT/A LC. SNAPtide uses a FITC/DABCYL FRET pair to produce a signal upon
substrate cleavage. Signal quenching can become an issue after cleavage since quencher molecules
can quench cleaved fluorophore molecules in close proximity, reducing the apparent signal. This
reduction in apparent signal provides an inherent error as SNAPtide concentrations are increased.

In this study, fluorescence internal quenching (FIQ) correction factors were derived using an
unquenched SNAPtide peptide to quantify the signal quenching over a range of SNAPtide
concentrations and temperatures. The BoNT/A LC endopeptidase kinetics at the optimally active
temperature (37°C) using SNAPtide were studied and used to demonstrate the FIQ Correction
Factors in this study. The FIQ Correction Factors developed provide a convenient method to allow
for improved accuracy in determining and comparing BoNT/A LC activity and kinetics using
SNAPtide over a broad range of concentrations and temperatures.
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Introduction
Botulinum neurotoxin (BoNT) is a member of a family of clostridial neurotoxins (CNTs)
and is the most toxic substance known with a mouse LD50 on the order of 10 pg/kg.1,2,3
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BoNTs include seven serotypes, A-G, which contain exclusive immunological
characteristics and similar pharmacological properties.4 Each of these serotypes causes
botulism; the result of intoxication is flaccid muscle paralysis by blocking the release of
acetylcholine at neuromuscular junctions.5 Four of the serotypes (A, B, E and F) are
responsible for botulism in humans.6 Because of this extreme toxicity, BoNTs are classified
as a Category A bioterrorism agent by the Center for Disease Control.7 Despite the extreme
toxicity, BoNTs are the subject of much interest as therapeutic agents for a wide range of
neuromuscular disorders.8

BoNTs are approximately 150 kDa proteins, consisting of a 100 kDa heavy (H) chain and a
50 kDa light (L) chain linked through a disulfide bond. The H chain binds specifically to
neuronal cells and assists L chains entry into the cell. The L chains are unique zinc-
endopeptidases with remarkable substrate specificity. Substrate recognition requires a
substantially long peptide sequence ranging from 16–50 amino acids, depending on the
serotype.10 This is unique to BoNTs as other microbial metalloproteases can recognize
sequences as short as a dipeptide.11 Serotypes A and E cleave SNAP-25 (25-kDa
synaptosome associated protein), serotypes B, D, F, and G cleave synaptobrevin/VAMP
(vesicle associated membrane protein) and serotype C cleaves SNAP-25 as well as
syntaxin.12 While some substrates may be cleaved by more than one serotype, all serotypes
cleave unique sites on the SNARE targets.

SNAPtide, a 13-amino acid peptide (sequence: (FITC)TRIDEANQRATK(DABCYL)M),
has been used as a SNAP-25 homologue for the endopeptidase kinetics study of BoNT/A L
chain (LCA). The intact SNAPtide is a fluorescence resonance energy transfer (FRET)
based substrate where the N-terminal fluorophore, FITC, is quenched by DABCYL located
on the C-terminal of the peptide. Once the peptide is cleaved, fluorescence is restored and
can be measured spectroscopically.13

The SNAPtide assay is currently extensively used by many researchers in the field.
However, there is a major technical problem in using this method for accurate kinetic
analysis. Even after the SNAPtide is cleaved to release fluorescence (Figure 1), internal
quenching can become an issue due to the presence of DABCYL on other intact SNAPtide
molecules and DABCYL on cleaved SNAPtide fragments. The FITC portion of the cleaved
SNAPtide should theoretically give full fluorescence; however, if FITC comes into close
proximity to a DABCYL molecule, fluorescence would be decreased through quenching.
This quenching problem becomes acute in enzyme kinetic analysis where varying
concentrations of the substrate are used.

In this study, we have developed a fluorescence internal quenching (FIQ) correction factor
using an unquenched cleaved SNAPtide to correct LCA endopeptidase kinetics at its
optimally active temperature (37°C) This correction factor allows us to more accurately
determine BoNT/A LC activity and kinetic parameters over a range of SNAPtide
concentrations and temperatures. These FIQ Correction Factors can have a widespread
benefit to studies using SNAPtide for inhibitor design such as by Boldt et al.14,15, residue
substitution studies such as examined by Baldwin et al.13, BoNT/A detection as done by
Bagramyan et al.16, and any studies requiring comparisons of multiple SNAPtide
concentrations for endopeptidase activity or kinetics as studied by Baldwin et al.13.

Experimental Section
LCA Endopeptidase Substrate Calibration

A calibration curve for the SNAPtide used in the LCA endopeptidase kinetics was created
using Product #528 (List Biological Labs), an unquenched SNAPtide peptide. The following
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concentrations of unquenched SNAPtide were prepared in 100.0 μL total volume using 20
mM HEPES, 0.1% v/v TWEEN-20, pH 7.6 (assay buffer): 0.0125, 0.0250, 0.0500, 0.100,
0.200, 0.400, 0.600 and 0.800 μM. Triplicate samples were carried out in a 96 well plate
using a SpectraMax M5 plate reader at temperatures between 25–50°C and the fluorescence
signal (490 nm excitation, 523 nm emission, 495 nm cutoff filter) was plotted vs.
unquenched SNAPtide concentration. From the data, trendlines were calculated for each
triplicate sample showing a slope with units of RFU/μM. An average of the inverse slope
was calculated at each temperature.

Fluorescence Internal Quenching (FIQ) Correction Factor
A SNAPtide stock solution (2.5 mM in DMSO, List Biological Labs, Product #521) was
diluted to 0.200 mM in the assay buffer before further dilutions. The unquenched SNAPtide
stock solution (500 μM in DMSO) was diluted to 50.0 μM in assay buffer prior to further
dilutions.

Fluorescence endpoint readings of each SNAPtide concentration used (0.00, 1.00, 1.50,
2.00, 4.00, 8.00, 10.00 μM) were taken in 99.0 μL assay buffer after an initial 15 minute
incubation at the designated temperature. Afterward, the 50.0 μM unquenched SNAPtide
was added to each SNAPtide concentration (1.00 μL, 0.500 μM final concentration),
incubated at the designated temperature for 15 minutes with a second fluorescence endpoint
reading taken.

The endpoint reading of 0.00 μM SNAPtide was subtracted from the endpoint reading of
0.500 μM unquenched peptide with 0.00 μM SNAPtide. This value gave the total signal of
0.500 μM unquenched SNAPtide.

Endpoint readings of each SNAPtide concentration in the absence and presence of 0.500 μM
unquenched SNAPtide were observed. The signal of SNAPtide in the presence of
unquenched SNAPtide was normalized by subtracting the signal of SNAPtide (concentration
of interest) in the absence of unquenched SNAPtide giving the apparent signal of the 0.500
μM unquenched SNAPtide for all range of SNAPtide concentrations.

The signal of the unquenched SNAPtide in the presence of each SNAPtide concentration
was divided by the total signal of unquenched SNAPtide. This gave a ratio of how much
signal from the unquenched SNAPtide reaches the detector in the presence of each
SNAPtide concentration (Fluorescence Internal Quenching Correction Factor).

FIQ Correction Factors were calculated for each SNAPtide concentration (1.00–10.00 μM)
in each of the triplicate runs. The FIQ Correction Factor was plotted against SNAPtide
concentrations and a trendline was calculated for each triplicate sample. The trendline slope
for each sample was used to calculate the FIQ Correction Factors assuming 0.00 μM
SNAPtide gave a FIQ Correction factor of 1.00 (Calculation 1). The average of these
calculated FIQ Correction Factors were used to correct initial velocities observed for BoNT/
A LC endopeptidase kinetics.

Calculation 1: Calculation of FIQ correction factor from trendline
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The average slope calculated can be multiplied by the SNAPtide concentration used and
then added to 1.00 to obtain the calculated FIQ Correction Factor for any SNAPtide
concentration within the range tested experimentally. When compared to temperatures
between 25–50°C, the correction factors are the same within the experimental error.

LCA Endopeptidase Kinetics
Two stock LCA solutions were used (2.0 mg/mL, purified November 2010 and 2.73 mg/mL,
purified March 2011; both samples were stored at −80°C in a 50 mM Tris, 500 mM NaCl,
pH 7.6 under 20% v/v glycerol). The stock solutions were diluted to 1000 nM (diluted in
assay buffer). A SNAPtide stock solution (2.5 mM in DMSO) was diluted to 0.200 mM in
assay buffer. Tests were carried out on a 96 well Costar clear bottom microplate using a
SpectraMax M5 plate reader.

The LCA (100 nM) was incubated at 37°C for 30 min. The SNAPtide concentrations used
were 0.00 μM, 1.00 μM, 1.50 μM, 2.00 μM, 4.00 μM, 8.00 μM, and 10.0 μM. After the
addition of SNAPtide, the plate was read for fluorescence (490 nm excitation, 523 nm
emission, 495 nm cutoff filter) at the designated temperature over a 5 min period in 30
second intervals on the microplate reader to obtain the initial velocity (Vo) in RFU/s.
Triplicate samples for each SNAPtide concentration were performed.

The slope obtained from the substrate calibration was used to convert the Vo from the
SoftMax Pro software from RFU/s to μM/s. The enzyme kinetic parameters (KM, kcat, and
kcat/KM) were calculated based on a Lineweaver-Burk plot; these parameters were
considered uncalibrated in terms of internal quenching. The Vo was then corrected using the
FIQ Correction Factors found and the kinetic parameters above were again calculated,
labeled as calibrated.

Results
Substrate Signal Calibration

Calibration curves of fluorescence signal (RFU) vs. Product #528 concentration (μM) were
created at each temperature between 25–50°C and then analyzed with a trendline. Sample
standard curves for each temperature examined are shown as Figures S1-S6 in the
Supporting Information.

Initial velocities from the endopeptidase kinetics calculated by the SoftMax Pro software (in
RFU/s) were multiplied by the inverse slope of the trendline from the designated
temperature to obtain velocities in μM/s units. These velocities were used to create
Michaelis-Menten and Lineweaver-Burk plots (Figures S-8 and S-9 in Supporting
Information) and used to calculate kinetic parameters and are labeled as uncalibrated (Figure
3).

Fluorescence Internal Quenching (FIQ) Correction Factors
FIQ Correction Factors calculated experimentally (in triplicate, 1.00–10.0 μM SNAPtide
concentration) for each temperature between 25–50°C were plotted vs. SNAPtide
concentration then analyzed with a trendline. The slopes from the trendlines (FIQ Correction
Factor/μM SNAPtide) are shown in Table 1 with the visual depiction seen as Figure S-7 in
the Supporting Information and were later used to calculate FIQ Correction Factors for each
SNAPtide concentration at each temperature (Calculation 1).

FIQ Correction Factors were calculated for each SNAPtide concentration using the slope at
the designated temperature from Table 1. The FIQ Correction Factor values are similar,
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within experimental error, at each concentration over the 25–50°C span (shown in Table 2
and Figure 2).

Endopeptidase Kinetics of BoNT/A Light Chain
These calculated FIQ Correction Factors were applied to the initial velocity obtained after
the substrate signal calibration by dividing the initial velocity by the appropriate FIQ
Correction Factor. The corrected velocities were plotted in a Michaelis-Menten plot and
Lineweaver-Burk plot (Figures S-8 and S-9 in the Supporting Information).

Initial velocities at 8.00 and 10.0 μM show the most notable change, as expected. The
internal quenching of SNAPtide at these concentrations was at a maximum for this study
and had the highest correction factor necessary. The increase to these velocities resulted in a
significant change to enzyme kinetic parameters calculated from the Lineweaver-Burk plot.

While the slope of the Lineweaver-Burk plot remains similar after correction with the FIQ
Correction Factors (2.2% increase), the y-intercept decreases by approximately half
(52.0%). Since the y-intercept is inversely proportional to the maximum velocity, the
decrease in y-intercept produces a corrected Vmax of over double the uncalibrated Vmax.

Using the Lineweaver-Burk plots, the KM, kcat, and kcat/KM were calculated and a
comparison between using uncalibrated and corrected initial velocities is shown for each
parameter (Figure 3).

Correction using the FIQ Correction Factors resulted in a 1.96-fold increase in KM, a 2.12-
fold increase in kcat, and essentially no change to the kcat/KM. While calibration increases
the error in KM and kcat values, the error remains about the same in kcat/KM since the ratio
of the parameters remains similar in the triplicate experiments. The substantial increase in
kcat provides strong support for the necessity of a correction factor when using SNAPtide.

Discussion
Improved analysis of assays using SNAPtide would have a wide-reaching benefit to studies
involving BoNT/A detection, inhibitor design, BoNT/A residue mutation studies, and
BoNT/A endopeptidase activity and kinetics under different conditions such as pH,
temperature, and buffer. Significant corrections are necessary to the kinetic parameters and
endopeptidase activity of BoNT/A LC when using SNAPtide due to the signal quenching
present after cleavage.

We were able to derive correction factors for a range of SNAPtide concentrations at
different temperatures to eliminate the effect of internal quenching of SNAPtide when used
for endopeptidase studies with BoNT/A LC. The application of these factors to BoNT/A LC
endopeptidase kinetics proved to have a significant impact on the kinetic parameters,
highlighted by a 1.96-fold increase in KM and 2.12-fold increase in kcat while maintaining a
similar kcat/KM.

While these factors were used to correct initial velocities measured in 20 mM HEPES buffer
at pH 7.6 in the presence of 0.1% v/v TWEEN-20 for use in enzyme kinetics for this study,
the same factors would also be useful under the following conditions:

a. When using different SNAPtide concentrations for endpoint fluorescence readings
in place of kinetic rates

b. Over a physiological range of pH as well as in different buffers assuming similar
ionic strength and viscosity of the buffer used. The fluorescence signal value would
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likely be altered in different buffers or pH conditions; however, the percentage of
quenching used for calculations should remain constant. In contrast, changes to the
viscosity or ionic strength would alter the rate of interactions between the FITC/
DABCYL and therefore the percentage of quenching.

Furthermore, we noted that the use of a microplate for fluorescence signal monitoring
facilitated rapid determination of accurate enzyme activity and kinetics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BoNT/A Botulinum Neurotoxin Type A

LCA Light Chain A

FRET Fluorescence Resonance Energy Transfer

FIQ Fluorescence Internal Quenching

DABCYL 4-((4-(dimethylamino)phenyl)azo) benzoic Acid

FITC Fluorescein isothiocyanate

SNAP-25 Synaptosomal-associated protein 25

CNT Clostridial Neurotoxins
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Figure 1.
Overview of SNAPtide cleavage by BoNT/A LC. In-tact SNAPtide (top) produces no
fluorescence since the FRET pair is in close proximity. Fluorescence signal of FITC is
restored upon cleavage (bottom) where the distance between FITC and DABCYL is larger
than approximately 100 Å.17
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Figure 2.
Visual depiction of the calculated FIQ Correction Factor vs. SNAPtide concentration. FIQ
Correction Factors for 37°C depicted. Standard deviations of the mean for the triplicate
samples are shown as error bars.
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Figure 3.
A. Michaelis constant (KM), B. catalytic constant (kcat), and C. catalytic efficiency (kcat/KM)
comparisons of BoNT/A LC endopeptidase kinetics data (100 nM LCA) before and after
calibration by the 37°C FIQ Correction Factors. Standard deviations of the mean are shown
as error bars.
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