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Introduction 

A high throughput screening (HTS) assay, which is fast and easy, with relatively low sample 
consumption, is required for screening thousands of compounds in a short period of time.  
Fluorescence resonance energy transfer (FRET) is the physical process by which energy is 
transferred non-radiatively from an excited molecular fluorophore (the donor) to another 
chromophore (the acceptor) by means of long range intramolecular dipole-dipole coupling [18,
19].  This process allows for development of various homogenous enzymatic assays where 
fluorescence resulting in cleavage of a FRET substrate is monitored and directly correlated to the 
enzyme activity, one of which is the commercially available SNAPtide assay.  Massively parallel 
FRET enzymatic assays (in 96-well plate) can be done because physical separation of the product 
from the substrate is not required and therefore is ideal for HTS assay of enzyme inhibitors.  

SNAPtide is the synthetic peptide substrate specifically designed for a FRET assay to measure 
BoNT/A LC activity (figure 1).  SNAPtide contains the sequence of the natural protein target, 



SNAP-25, spanning the Q197-R198 peptide bond, an N-terminally-linked fluorophore, o-
aminobenzoic acid (o-Abz), and an acceptor chromophore, 2,4-dinitrophenol (DNP).  Intact 
SNAPtide does not fluoresce due to the proximity of the quencher to the fluorescent dye.  As 
soon as the peptide is cleaved at the QR site, the truncated peptide produces a fluorescent signal. 
This assay system provides a high throughput screening method for testing two proprietary sets of 
compound libraries.  First is the library of pharmacologically active compounds (LOPAC) , which 
contains 1280 compounds in collections of sixteen 96-well plates of 80 compounds per plate.   
Second is the Prestwick off-licensed drug library of fourteen 96-well plates of 80 compounds per 
plate.  This FRET assay will be used as a preliminary step, where each set can be screened for 
inhibition to identify sample(s) containing potential inhibitors.  In the future, a “drill-down” 
process will allow for deconvolution of the library sets, and eventually individual testing of 
compounds from the active set to determine IC50 (concentration of inhibitor that reduces enzyme 
velocity by half), binding affinity and enzyme kinetics. 

Figure 1: Schematic of a SNAPtide assay.  
SNAPtide substrate containing a quenched fluorescent dye, o-aminobenzoic acid (o-Abz), and 
quencher, 2,4-dinitrophenol (DNP) has the cleavage site for BoNT/A LC.  After incubation and 
the fluorescent dye is released from the quencher, o-Abz fluoresces at 418 nm with an excitation 

wavelength at 321 nm. 



Materials and Methods 

All reagents are from Sigma-Aldrich Co. (Oakville, ON) unless indicated otherwise.  The FRET 
substrate, o-Abz/DNP-SNAPtide (5 μM), was mixed with 5 nM BoNT/A LC in assay buffer (50
mM HEPES buffer, 0.3 mM ZnSO4, 1 mg/mL BSA, and 0.5 mM dithiothreitol (DTT), pH 8.0) to
a final assay volume of 100 μL.  Assay conditions were optimized for sample volume per well, 
assay buffer components and incubation time.  The SNAPtide substrate and recombinant BoNT/A 
LC are commercially available from List Biological Laboratories, Inc. through Cedarlane Ltd. 
(Burlington, ON). The reaction mixture was incubated at 37 °C for 60 min, and then stopped 
with the addition of 500 μL assay stop solution (10 mM Tris, pH 8.0, 100 mM EDTA). Each 
sample was divided and 275 L aliquots transferred into two separate microplate wells.  
Fluorescence was measured on a fluorescence spectrophotometer with a 96-well microplate 
accessory (Cary Eclipse, Varian Canada Inc., Mississauga, ON) with excitation wavelength at 
321 nm, and emission wavelength at 418 nm.  Costar black round bottom 96-well plates 
(Corning, NY) were used for all assays. An unquenched SNAPtide calibrant containing the same 
fluorescently-labelled peptide sequence without the quencher (DNP) was used to generate 
standard curve to calculate the  substrate turnover in each positive control.  A negative
control (which did not contain enzyme) was used to determine the background noise level of the 
FRET assay. 

Standard calibration curve was obtained using a unquenched SNAPtide standard (SNAPtide 
without DNP).  A range of standard concentrations, 0 – 1000 M, were used.  Percent substrate 
turnover was calculated from the fluorescent signal from each assay sample and the standard 
curve.   

The LOPAC library was supplied as individual compounds dissolved in DMSO at a concentration 
of 10 mM.  Daughter plates were prepared by diluting all compounds in water to a concentration 
of 1 mM in 10% DMSO.  Similarly, the Prestwick off-patent drug library was supplied as 
individual compounds dissolved in DMSO at a concentration of 2 mg/mL.  Daughter plates were 
prepare by 1/5 dilution in water to a concentration of 0.4 mg/mL.  An aliquot of 10 L per 
compound was added to the reaction mixture for each test compound.  Each compound was 
tested in duplicates.  Appropriate amount  of DMSO (10% or 20%) w  added to positive and
negative controls to account for the effects of DMSO on BoNT/A LC activity.  The final amount 
of DMSO in each assay did not exceed 2%, which was tolerated by BoNT/A LC. 

Selected compounds from both libraries were diluted in a solution of assay buffer/assay stop 
solution (1:5) for background fluorescence measurements and absorbance measurements at 321 
nm.   





Results and Discussion 

Assay Optimization 

The BoNT/A LC SNAPtide assay was optimized for high throughput screening of 
pharmacologically active compounds against the light chain subunit of BoNT for volume and 
buffer as .

he sample volume in each 96-well was important.  When the volume was
below 250 L per well, the background fluorescence signal was very high due to light scattering.  

sample volume for all assays  systematic
background fluorescence .

Table 1: Relative fluorescence unit (RFU) measured of different assay buffer volumes per well in 
Costar 96-well plate 

Sample volume ( L) per well Background fluorescence signal (RFU)
200 171.6 ± 46.4
250 22.31 ± 0.728
275 14.35 ± 1.14

The FRET assay buffer condition was also optimized for maximum substrate turnover at a fixed 
incubation time.  The assay buffer, 50 mM HEPES buffer, pH 8.0 with 0.3 mM ZnSO4, and 0.5 
mM DTT, containing either 1 mg/mL BSA or 0.1% Tween-20 was .   The reaction
mixture containing 5 M o-Abz/DNP-SNAPtide substrate and 5 nM BoNT/A LC was incubated in 
each buffer.  The buffer containing BSA resulted in higher substrate turnover rate (see able 2)
and was used in subsequent assays. 

Table 2: Substrate turnover in BoNT/A LC FRET assay in buffer containing 1 mg/mL BSA 
compared to that with 0.1% Tween-20

Time (min) turnover of substrate
Buffer with BSA Buffer with Tween-20

0 0 0
5 4.81 3.18
15 12.6 5.15
30 20.8 6.67

A linear fluorescence signal dependent on concentration of unquenched standard was
obtained ( igure 2). The calibration curve was reproduced daily within 10% error (data not
shown). The linear equation resulting from the calibration curve was used to calculate the 
amount of product formed in each assay.  Thus  substrate turnover can be calculated as
a fraction of the amount product formed from the initial amount of substrate in each assay.
Typically, the assay is designed to turnover about 50 - 70% substrate to product (1 hour
incubation at 37 °C).  This level of substrate turnover provided a good base for assessing 
efficacies of pharmacologically active compounds in the inhibition studies (an inhibitor reduces 

 turnover).



Figure 2: A typical calibration curve of the unquenched SNAPtide standard inear
correlation between concentration of unquenched SNAPtide substrate and fluorescent

signal.
In each assay, a positive control (0% inhibition) containing appropriate amount of DMSO was 
used to account for variations in BoNT/A LC activity.  Background fluorescence at 418 nm and 
absorbance at 321 nm of each small molecule compound were measured in a solution of assay 
buffer:assay stop solution (1:5).  The measurement of background fluorescence (λex 321, λem 418) 
will account for fluorescence signals endogenous to the small molecule compound that may 
interfere with o-Abz/DNP SNAPtide product signals and result in false activity enhancement.  
The measurement of absorbance at 321 nm accounts for a “filter effect” whereby the compound 
absorbs energy at 321 nm and reduces excitation of SNAPtide product resulting in false 
inhibition. 

Inhibitors 

After screening 2400 compounds, a list of potential BoNT/A LC inhibitors was generated (see 
table 3).  The  inhibition is the calculated decrease in amount of product formed in the
presence of 100 M inhibitor in the FRET assay.  The list of inhibitors was selected based on three 
criteria: more than 50% inhibition, low background fluorescence, and low absorbance at 321 nm.

Further studies, such as concentration-dependent inhibition, IC50, enzyme kinetics for mode of 
inhibition, binding affinities, does response curves in cell and animal studies, and computational 
molecular modeling, will be required to investigate these potential inhibitors.   



Table 3: List of potential inhibitors of BoNT/A LC.  

Compound name % Inhibition ±
standard deviation

Rotenone 65 ± 3.2
SB 224289 hydrochloride 66 ± 5.6
Alexidine dihydrochloride 66 ± 2.0
Phenazopyridine hydrochloride 67 ± 1.7
Levocabastine hydrochloride 68 ± 1.3
Fiduxosin hydrochloride 69 ± 3.2
Diacylglycerol kinase inhibitor II 69 ± 6.2
Ruthenium red 70 ± 3.6
Propidium iodide 70 ± 2.5
Retinoic acid 71 ± 10
Mifepristone 74 ± 1.9
Methoxy-6-harmalan 76 ± 3.1
Verteporfin 76 ± 3.8
Calmidazolium chloride 77 ± 5.8
Tyrphostin AG 112 77 ± 5.0
Benzethonium chloride 77 ± 2.2
Piperine 81 ± 7.3
Atovaquone 81 ± 4.0
Tolmetin sodium salt dehydrate 82 ± 6.4
Apigenin 83 ± 13
Retinoic acid p-hydroxyanilide 86 ± 4.6
Cephalexin hydrate 99 ± 2.2
Raloxifene hydrochloride 99 ± 1.7

Activators 

A list of potential activators of BoNT/A LC was generated, table 4, based on an increase in 
fluorescence signals in the FRET assay.  The value of  enhancement was calculated 
from increase in FRET fluorescence signal with endogenous background fluorescence subtracted.

Activation is an interesting phenomenon.  It is harder to conceptualize than inhibition.  Activation 
of BoNT/A LC was observed in previous work [13, 14] where combinatorial peptide libraries 
were tested against reduced BoNT/A and HPLC separation of substrate and products.  So, there is 
a low likelihood that all activation observed here is artificial. 

Activators may not be useful as medical countermeasures against BoNT/A, though the structural 
information as to how these potential activators affects BoNT/A LC could be exploited for use in 
a rational drug design.  The computational molecular modeling information compared between 
BoNT/A LC inhibitors and activators could provide insights into the enzymatic mechanism of 
BoNT/A LC and thus lead to improved inhibitor design. 



Table 4: List of potential activators of BoNT/A LC. 

Compound name % enhancement ± 
standard deviation 

Scoulerine 20 ± 2.8 
Trigonelline 20 ± 3.0 
Vancomycin hydrochloride 21 ± 2.3 
Flucloxacillin sodium 21 ± 4.7 
Prednicarbate 21 ± 5.9 
Metergoline 21 ± 6.1 
Betonicine 22 ± 0.46 
Doxorubicin hydrochloride 23 ± 7.2 
Nitrendipine 24 ± 3.5 
Solasodine 24 ± 5.9 
Xamoterol hemifumarate 25 ± 5.5 
Hydrocotarnine hydrobromide 26 ± 3.0 
Hydrocortisone base 27 ± 10 
Monocrotaline 27 ± 4.3 
Niacin 27 ± 4.7 
Berberine chloride 27 ± 6.8 
Gabexate mesilate 27 ± 7.5 
Meptazinol hydrochloride 28 ± 2.9 
Yohimbine hydrochloride 28 ± 3.8 
Idazoxan hydrochloride 28 ± 4.4 
Pilocarpine nitrate 28 ± 5.2 
Equilin 31 ± 4.0 
Altretamine 31 ± 6.0 
3-Isobutyl-1-methylxanthine 33 ± 14 
alpha-Santonin 33 ± 2.1 
Decamethonium bromide 33 ± 3.2 
Chloropyramine hydrochloride 33 ± 7.5 
Denatonium benzoate 35 ± 5.1 
Austricine hydrate 35 ± 8.3 
Myosmine 36 ± 7.1 
Karakoline 36 ± 9.3 
Alfaxalone 37 ± 7.5 
Alfadolone acetate 39 ± 11 
Demecarium bromide 41 ± 7.3 
Glafenine hydrochloride 42 ± 21 
Reserpinic acid hydrochloride 45 ± 8.5 
SB-366791 56 ± 12
Phloretin 59 ± 17 
3-Methyl-6-(3-[trifluoromethyl]phenyl)-1,2,4-triazolo[4,3-
b]pyridazine

79 ± 16

Cilostamide 80 ± 12
Eserine  ulphate, physostigmine sulphate 85 ± 10 
Ofloxacin 85 ± 15
Methyl beta-carboline-3-carboxylate 92 ± 11
Pseudopelletierine hydrochloride 99 ± 17
Graveoline 102 ± 17 
1-Methyl-N-(8-methyl-8-azabicyclo[3.2.1]-oct-3-yl)-1H-indazole-
3-carboxamide maleate 

112 ± 16 

Ethamsylate 117 ± 11 



Conclusion 

Botulinum neurotoxin (BoNT) is the most toxic natural, known substance that can cause 
poisoning and there is no effective cure.  There is an urgent need to design medical 
countermeasures against BoNT.  Developments of small molecule drugs are desirable because 
they provide lower cost, higher quality, greater availability and longer shelf-life stability over 
immunotherapy.  Two sets of chemical libraries were tested against BoNT/A LC.   The LOPAC 
library consists of pharmacologically active compounds that are categorized into different classes 
of receptor antagoists and enzyme inhibitors could facilitate the study of structural-activity 
relationship between BoNT/A LC and its inhibitors.  The Prestwick library consists of off-patent 
drugs could accelerate the drug development process in bypassing bioavailability and human 
safety studies since these information are readily available from previous clinical trials. 

A high throughput screening assay was developed for testing inhibitors of BoNT/A light chain 
(BoNT/A LC).  This FRET assay requires minimal sample volume (100 L), reagent 
consumption, and sample processing in a massively parallel manner (96-well fluorescence plate 
reader).  In less than 4 months, 2400 compounds were screened in the BoNT/A LC FRET assay.  
This FRET assay has proven to be an effective and dependable first step in a drug discovery 
process.   

The BoNT/A LC assay is susceptible to up and down modulations as observed here and in 
previous studies.  A list of potential inhibitors of BoNT/A LC was generated based on a threshold 
of 60% inhibition at 100 M inhibitor concentration in the assay.  A list of potential activators 
was generated also.  Each list has approximately 1% of total screened compounds.  For a useful 
prospective drug discovery platform, a typical hit rate ranges from 0.1% to 10% depending on 
stringency of the assay [20-23]. 

Further studies, such as concentration-dependent inhibition, IC50 values, enzyme kinetics for 
mode of inhibition, binding affinities, dose response curves in cell and animal studies, and 
computational molecular modeling, will be required to investigate these potential inhibitors. 
Molecular modeling into the structural interaction between activators and BoNT/A LC and that of 
inhibitor and BoNT/A LC could be exploited for rational drug design.   

Microbiological origin and mode of action of botulism, tetanus, anthrax, and ricin are different 
but they share many similarities in protein size and conformations, and in topology of 
mechanism.  The R&D process learned from this project would give DRDC a new capacity for 
developing countermeasures against all other toxins such as anthrax, tetanus, and ricin. 
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