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Abstract 1 

Background: A natural product analog, 3-(4-nitrophenyl)-7H-furo[3,2-g]chromen-7-one, which is 2 

a nitrophenyl psoralen (NPP) was found to be an effective inhibitor of botulinum neurotoxin type 3 

A (BoNT/A).  4 

Methods: In this work, we performed enzyme inhibition kinetics and  employed biochemical 5 

techniques such as isothermal calorimetry (ITC) and fluorescence spectroscopy as well as 6 

molecular modeling to examine the kinetics and binding mechanism of NPP inhibitor with 7 

BoNT/A LC.  8 

Results: Studies of inhibition mechanism and binding dynamics of NPP to BoNT/A light chain 9 

(BoNT/A LC) showed that NPP is a mixed type inhibitor for the zinc endopeptidase activity, 10 

implying that at least part of the inhibitor-enzyme binding site may be different from the substrate-11 

enzyme binding site. By using biochemical techniques, we demonstrated NPP forms a stable 12 

complex with BoNT/A LC. These observations were confirmed by Molecular Dynamics (MD) 13 

simulation, which demonstrates that NPP binds to the site near the active site.  14 

Conclusion: The NPP binding interferes with BoNT/A LC binding to the SNAP-25, hence, inhibits 15 

its cleavage. Based on these results, we propose a modified strategy for designing a molecule to 16 

enhance the efficiency of the inhibition against the neurotoxic effect of BoNT.  17 

General Significance: Insights into the interactions of NPP with BoNT/A LC using biochemical 18 

and computational approaches will aid in the future development of effective countermeasures and 19 

better pharmacological strategies against botulism.   20 
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Introduction 1 

Botulinum neurotoxin (BoNT) is designated as a “Category A” biothreat agent on the 2 

NIAID-priority-pathogen list. According to the United States Center of Disease Control and 3 

prevention, it poses a significant threat to public health. BoNTs are produced by anaerobic 4 

Clostridium botulinum and are the cause of botulism, a life-threatening neuroparalytic disease. 5 

BoNTs are the most toxic substances known to human beings and are incredibly potent food 6 

poisons, with a mouse LD50 of 0.1 ng/kg for type A (1, 2). Due to their high toxicity and 7 

relatively easy production, BoNTs create maximum fear among populations concerned with 8 

bioterror agents (3, 4). On the other hand, Botulinum toxin injections have also become one of 9 

the most popular cosmetic procedures worldwide because of their quick and easy administration 10 

and relative affordability compared to other more invasive cosmetic interventions (5). 11 

Current therapy of botulism involves respiratory supportive care and administration of 12 

antitoxin. The only antitoxins available are equine antitoxin and the BabyBIG®, which is derived 13 

from the blood of human donors vaccinated with a pentavalent (ABCDE) toxoid vaccine, for 14 

infant botulism only. The treatment window for using antitoxin is short, and once symptoms 15 

develop, the antitoxin is not effective, since it cannot penetrate nerve cells. The muscle paralysis 16 

caused by BoNTs lasts for several months (1, 3, 6, 7)  in part because of the long-lasting activity 17 

of the BoNT  protease inside the cells, and patients require ventilator breathing support for 18 

months (6, 8). A bioterror attack can create a public health crisis due to ineffective therapy for 19 

prophylaxis and treatment. 20 

Classically, there are seven known serotypes of BoNT, designated as A to G, among 21 

which types A, B, E, and F cause human botulism, with type A being the most potent serotype 22 

(2, 9, 10). BoNTs are 150 kDa proteins consisting of two chains linked through a disulfide bond. 23 
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The heavy chain (HC, 100 kDa) plays an accessory role by binding to the target nerve cells 1 

(through its C-terminus) and translocating the LC into the cell cytoplasm (through its N-2 

terminus) (11). The light chains (LCs, 50 kDa) are zinc-endopeptidases (Fig. 1a), which cleave 3 

one or more soluble N-ethylmalemide sensitive factor attachment receptor (SNARE) proteins 4 

complex (Fig. 1b) (12). The BoNT/A LC exclusively cleaves neuronal protein SNAP-25, which 5 

is part of a SNARE complex responsible for synaptic vesicles to release acetylcholine into 6 

neuromuscular junctions. A lack of functional SNAP-25 completely inhibits acetylcholine-7 

mediated signal transduction to skeletal muscle, resulting in flaccid muscle paralysis. The small 8 

molecule inhibitors (SMIs) have been identified against BoNT/A LC (13-16) since the enzyme 9 

can remain active in a neuron for several months in the absence of an antidote. SMIs such as 10 

captopril, thiorphan, phosphoramidon, and some natural product based inhibitors such as D-11 

chicoric acid and lomofungin (17-19). On the other side, Zn-metal chelators such as 12 

hydroxamates and quinolinols are proven to be potent inhibitors (20-22). However, some 13 

reported quinolinol and hydroxymate inhibitors were either non-specific or toxic (21, 23-25). 14 

In general, natural products are the source of the most diverse group of structures and 15 

have lower toxicity most of the time. By high-throughput screening of a library containing 300 16 

natural compounds and their analogues acquired from the University of Delhi. A natural product-17 

based inhibitor, 3-(4-nitrophenyl)-7H-furo[3,2-g]chromen-7-one, a nitrophenyl psoralen (NPP) 18 

(Fig. 1d) has been identified in our previous work, using biochemical assays, cellular assay, and 19 

in mouse phrenic nerve-hemidiaphragm preparations, and it has very low toxicity (>90% 20 

survival at 310 µM concentration) to neuroblastoma cells (26). Based on the potency of the 21 

natural analog NPP has been proven to be an efficient antidote with the ability to mitigate the 22 
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paralytic actions of BoNT (26). NPP displayed effective inhibition of catalytic action of LC proved 1 

by IC50 values as low as 4.74 ± 0.03 µM in vitro and 12.2 ± 1.7µM ex vivo  (26). 2 

In the current study, we have investigated the mechanism of interaction of NPP with its 3 

enzymatic target, BoNT/A LC, using fluorescence spectroscopy, isothermal calorimetry (ITC), 4 

enzyme kinetics, and molecular dynamics (MD) simulations. The mechanism of binding and 5 

inhibition of the catalytic domain of BoNT/A by NPP led to three major interpretations; a) NPP 6 

exhibits a mixed-type inhibition mechanism, b) binding of NPP to the BoNT/A LC is a 7 

spontaneous process with a significantly strong affinity (KD =1.3 µM), and c) the NPP binds to 8 

the enzyme at the site near the hydrophobic pocket of the active site, thereby preventing a 9 

substrate from reaching the active site. 10 

 11 
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Figure 1. Panel a: Structural representation of BoNT/A complex with ligand-binding domain (lime), 1 

translocation domain (green), and the catalytic domain (light chain; blue) (red). Reconstructed loop 425-2 

448 is shown in red. The orange sphere denotes the position of Zn2+-ion in the active site. Panel b: 3 

Schematic representation of infection mechanism by BoNT/A molecule: binding of the toxin to the cell, 4 

endocytosis, light chain release, and cleavage of the SNARE proteins to prevent fusion of synaptic vesicle, 5 

thus blocking neurotransmitters release leading to cell paralysis. The binding domain, translocation 6 

domain, and light chain of BoNT are shown as corresponding blue, green and red ovals. SNARE proteins 7 

synaptobrevin, SNAP-25, and syntaxin are shown as blue, yellow, and purple ribbons, respectively. Panel 8 

c: Cartoon representation of BoNT/A light chain (BoNT/A LC) showing elements of the secondary 9 

structure: α-helices (red), β-sheets (blue), 310-helices (purple), and random coil and turns (light gray). 10 

Also shown are important functional elements: α-exosite (yellow), β-exosite (green), C-terminal loop 425-11 

448 (pink), loop 50-70 next to the active site (dark gray). Panel d: 3-(4-Nitrophenyl)-7H-furo[3,2-12 

g]chromen-7-one, nitrophenyl psoralen (NPP) molecule. The size of the NPP is not to scale. 13 

Materials and methods 14 

Recombinant BoNT/A LC 15 

Recombinant BoNT/A LC was purified as reported by us earlier (27). The concentration of 16 

BoNT/A LC was determined using an extinction coefficient of 0.83 mg ml-1 cm-1 at 280 nm. 17 

Purity and catalytic efficiency of the enzyme were tested using SDS-PAGE (Sodium Dodecyl 18 

Sulphate – Poly Acrylamide Gel Electrophoresis) (Supplement Fig 1) and endopeptidase assay 19 

with peptide substrate, respectively (26). 20 

Enzyme Kinetics 21 

Enzyme kinetics was determined using the peptide-based substrate and procedure outlined above 22 

and published previously (13, 28). The assay conditions were the same as for the high-23 
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throughput screening (HTS) assay as reported earlier (26). 50 nM of BoNT/A LC and 1 

concentration range from 5 to 25 μM of a peptide substrate was used for enzyme activity. The 2 

reactions were carried out at 25 °C, monitoring fluorescence in the first 10 min to calculate the 3 

initial reaction velocity. The fluorescence signals observed were within the linear range for the 4 

substrate concentrations chosen above. The concentrations of inhibitor used were chosen near its 5 

IC50 values. All the results shown were averaged over three independent measurements. The 6 

inhibition constants were measured indirectly by observing the enzyme activity under different 7 

inhibitor and substrate concentrations using modified Michaelis - Menten equation, Vₒ = 8 

[Vmax(S)] / [(α KM)+ (α'(S))], where Vmax is  the maximum rate of reaction, (S) is the substrate 9 

concentration, KM is the Michaelis constant. The inhibitor dissociation constants Ki and Ki' of the 10 

enzyme and the enzyme-substrate complex were determined by modified factors α and α11 ,׳ 

respectively, where α = 1 + [[I]/Ki] and α' = 1 + [[I]/Ki'] and [I] is the inhibitor concentration. 12 

The inhibitor constants were estimated using the nonlinear regression method (29).  13 

Structural Analysis of BoNT/A LC upon binding with inhibitor using fluorescence 14 

spectroscopy 15 

Fluorescence measurements of BoNT/A LC (2 µM) at different concentrations of the inhibitor 16 

NPP (20 to 200 µM) were measured at two different temperatures (298.15 K and 310.15 K) 17 

using ISS K2 Fluorimeter (Champaign, IL, USA). Protein solutions (0.1 mg/ml) were excited at 18 

295 nm. Emission spectra were recorded between 310 and 400 nm. Experiments were carried out 19 

in a 10 mm fluorescence cuvette. Excitation and emission slit widths were set at 4 nm. A small 20 

aromatic molecule can absorb the spectra in the range of 310 to 400 nm due to the inner filter 21 
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effect and re-absorption of NPP arising from UV absorption. The fluorescence data were 1 

corrected using the following equation (30). 2 

���������� = ��	
�����  ×  10��� ������������� ���������
� �     (eq. 1) 3 

Where OD excitation and OD emission are the absorbances of NPP at 295 nm excitation and 324 4 

nm emission wavelengths.  5 

The quenching data were analyzed in terms of the Stern-Volmer equation.  6 

�0
� = 1 + !"# $%& = 1 + !'  ()  $%& (+'. 2) 7 

Where F0 and F are the intensity of BoNT/A LC in the absence of NPP and present of NPP at 8 

[Q] concentration, Ksv is the Stern-Volmer quenching constant, Kq is the quenching rate constant 9 

and τo is the lifetime of the BoNT/A LC without the NPP.  10 

The number of binding sites of NPP on BoNT/A LC was calculated using the following equation 11 

3.  12 

log �0 − �
� = 3 log !4 − 3 log 1

$%5& − (6786)$9�&
67

(+'. 3) 13 

Where [Qt] and [Pt] are the concentration of quencher NPP and protein BoNT/A LC 14 

respectively. Ka represents the binding constant and n represents the number of the binding sites 15 

of NPP on BoNT/A LC.  16 

The thermodynamic parameters such as enthalpy (ΔH) and entropy (ΔS) change can be 17 

calculated using Van’s Hoff equation.  18 
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>   (+'. 4) 1 

Where K is the binding constant at temperature T.  2 

The free energy change ΔG is estimated from the eq. 5.  3 

<B =  <= − ?<@ (+'. 5)  4 

Binding studies of BoNT/A LC and NPP by isothermal titration calorimetry (ITC) 5 

Purified BoNT/A LC was subjected to a final gel filtration step using Bio-Rad mini spin size 6 

exclusion spin columns (Bio-Rad, California, MA) to ensure a complete buffer exchange, as well 7 

as to exclude trace amounts of auto cleavage products. All experiments were carried out in the 8 

same buffer to control for the heat of dilution effects, i.e. 10 mM HEPES (pH 7.4) supplemented 9 

with 150 mM NaCl and surfactant 0.5% p-20. The protein concentrations were confirmed by 10 

UV-visible absorbance measurements. Calorimetric titration was performed three times on a TA 11 

instrument -ITC calorimeter (NANO ITC from TA Instruments, New Castle, DE, USA) at 298 12 

K. BoNT/A LC was used at a concentration of 40 µM in the cell, and inhibitor NPP at a 13 

concentration of 400 µM in the injection syringe. Before the titration, the samples were degassed 14 

for 10 min. The positive deflections observed at the end of the titration reflected the enthalpy of 15 

dilution of the inhibitor solution and were subtracted from the binding data. The analysis of the 16 

data was done with NanoAnalyze Software 2.2.4 (TA Instruments) using an independent sites 17 

model setup to obtain the following parameters: the number of binding sites (N), binding 18 

enthalpy (∆H), and binding constant (KD). The free energy change was calculated using equation 19 

5. The first injection systematically showed a decreased enthalpy due to the technical limitations 20 

of the instrument and was omitted from curve fitting.  21 

Molecular Dynamics 22 
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Atomic structural model of BoNT/A LC 1 

The BoNT/A LC molecule spans amino acids Met1 to Lys448 (Fig. 1 a, c). However, to date, all 2 

available atomic structures of the BoNT/A LC are incomplete, missing the C-terminal loop 3 

(amino acids Phe425 – Lys448; Fig. 1c). To reconstruct the BoNT/A LC with the C-terminal part 4 

(PDB https://doi.org/10.6084/m9.figshare.11954460), we started from the structure of the entire 5 

BoNT/A molecule available in the Protein Data Base (PDB code 3BTA (11); Fig. 1a). The 6 

missing C-terminal loop (amino acids Phe425 – Lys448) was first reconstructed using VMD 7 

Molefacture Plugin (31) using the amino acid sequence given in the PDB structure 3BTA. Then, 8 

this sequence was attached to the BoNT/A molecule (Fig. 1a), and the obtained structure was 9 

energy-minimized during 106 steps while keeping the rest of the molecule fixed. Next, the entire 10 

molecule with the reconstructed C-terminal loop was energy-minimized during 106 steps, heated 11 

up to 300K, and equilibrated at a constant temperature for 10 ns. Lastly, the BoNT/A LC portion 12 

(amino acids Met1 – Lys448) including Zn2+-ion was truncated from BoNT/A molecule, 13 

additionally equilibrated for 10 ns, and used in all subsequent ligand-binding simulations (Fig. 14 

1c).  15 

The in silico models of BoNT/A and BoNT/A LC were constructed using the CHARMM force 16 

field (32). Energy minimization, heating, and equilibration were carried out using the all-atom 17 

MD simulation in the implicit solvent with the Solvent Accessible Surface Area (SASA) model 18 

of water (33) accelerated on Graphics Processing Units (GPUs) (34). Energy minimization was 19 

performed using the steepest descent algorithm. Heating and equilibration were performed with 20 

simulation time step 1 fs, using damping coefficient γ= 50.0 ps-1, which corresponds to ambient 21 

water viscosity. The reconstituted structural models of BoNT/A light chain is public available on 22 

figshare: https://doi.org/10.6084/m9.figshare.11954460   23 
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Atomic structural model of nitrophenyl psoralen (NPP) 1 

The all-atomic structure of NPP (Fig. 1d, inset in Fig. 1c) was obtained using the Spartan 2 

software tool V.2.0.7. The molecular topology and parameterization of the model were prepared 3 

using antechamber utility of AMBER Tools package (35) with the general AMBER force field 4 

(GAFF) (36, 37). The structure was solvated in water using the TIP3P water model and the size 5 

of the water box 35Å×37Å×31Å. The obtained model was energy-minimized for 106 steps, 6 

heated, and equilibrated for 1 ns using AMBER software implemented on GPUs (38, 39). The 7 

simulation time step was 2 fs, and the conditions of constant temperature and pressure were 8 

maintained by using weak-coupling rescaling and Berendsen barostat. 9 

Model systems 10 

We performed simulations of one NPP molecule binding to BoNT/A LC as a model. The LC/A 11 

was placed in the center of the water box and the NPP molecule was assigned with a random 12 

position around LC. The system was solvated in water using the TIP3P water model with the 13 

addition of counter ions to neutralize the systems’ total charge. Parameters of solvation are 14 

provided in supplement Table S1. The models’ preparation and binding simulations were 15 

performed using the AMBER MD package. Energy minimization of the model system was 16 

carried out during 106 steps, heating and equilibration were performed for 10 ns, with the time 17 

step 2 fs. For the equilibrium production runs, we applied weak-coupling rescaling and 18 

Berendsen barostat to maintain constant temperature and pressure, and we used periodic 19 

boundary conditions. The simulations were carried out using GPU accelerated implementation of 20 

AMBER MD package (38, 39) on GeForce GTX780 graphic cards. The durations of independent 21 

simulation runs are given in supplement Table S1. 22 
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Data availability   1 

A description of the data: Complete PDB structure of the BoNT/A LC with reconstructed C-2 

terminal part and non-bound nitrophenyl psoralen (NPP) molecule. PDB of BoNT/A LC 3 

structure was reconstructed from PDB entry 3BTA by using MD simulations accelerated on 4 

GPUs. The name(s) of the repository(ies)- Figshare at- 5 

https://figshare.com/articles/Botulinum_Neurotoxin_A_Light_Chain_and_Psoralen_molecule/116 

954460  7 

Digital object identifiers (DOIs) - https://doi.org/10.6084/m9.figshare.11954460  8 

 9 

Results and Discussion 10 

Enzyme Kinetics 11 

To explore the mechanism of BoNT/A LC inhibition by NPP, the Michaelis-Menten enzyme 12 

inhibition kinetics model was used. The Lineweaver-Burk plot was constructed for BoNT/A LC 13 

endopeptidase activity against different concentrations of the peptide substrate in the presence 14 

and absence of NPP at different concentrations. In the absence of the inhibitor, KM was estimated 15 

to be 18.4 ± 1.8 µM, which is similar to the value from our previously reported studies (13, 28)  16 

From the Lineweaver-Burk plot (the double- reciprocal plot) of enzyme kinetics is generated by 17 

plotting 1/v as a function of 1/[s]  (Fig.2), it can be concluded that the NPP showed a mixed type 18 

(competitive and uncompetitive) of inhibition, suggesting that the inhibitor binds to both free 19 

enzyme and enzyme-substrate complex. The inhibitor constant Ki defines the binding of inhibitor 20 

with the enzyme (i.e. Ki = ([E][I]) / [EI]; where [E],[I] and [EI] are enzyme, inhibitor, and 21 

enzyme-inhibitor complex concentrations, respectively), whereas Ki' defines the binding of the 22 
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inhibitor with the enzyme-substrate complex (i.e. Ki'= ([ES][I])/[ESI]; where [ES],[I]and [ESI] 1 

are enzyme-substrate complex, inhibitor, and enzyme-substrate-inhibitor complex 2 

concentrations, respectively). The Ki and Ki' were estimated to be 5.8 ± 0.7 µM and 11.5 ± 2.9 3 

µM, respectively. Because Ki ≠ Ki', the inhibitor binds both to BoNT/A LC and to BoNT/A LC - 4 

SNAP-25 complex with different affinities. Moreover, the data showed both Ki < Ki' and a linear 5 

increase in KM values (apparent KM (KM
app,) 19.4, 20.5 and 21.9 µM) with an increase in the 6 

inhibitor concentration (3, 6, and 12 µM, respectively) (Table 1), thus indicating that NPP has 7 

high probability to bind to free BoNT/A LC rather than to the BoNT/A LC - SNAP-25 complex. 8 

The plots of 1/v against [NPP] (Dixon plot) and of [s]/v against [NPP] (Cornish-Bowden plot) 9 

confirmed the mixed-type inhibition of BoNT/A LC by NPP (39). Since the Dixon plot does not 10 

distinguish between competitive and mixed-type inhibition kinetics, the Cornish-Bowden plot was 11 

used to determine the mode of inhibition. The Cornish Bowden plot indicates the data for each 12 

substrate concentration falls on a straight line that intersects at I =- Ki' for the mixed inhibition, 13 

whereas the lines are parallel for the competitive inhibition. The Cornish-Bowden plots indicated 14 

mixed inhibition. The graphical analysis of converging point in the Dixon plot provides a 15 

measure of Ki (5.8 µM), (Supplement Fig 2a), whereas the Cornish-Bowden plot provides a 16 

measure of Ki' (10.8 µM) (Supplement Fig 2b) which are consistent with the Ki and Ki' values 17 

(5.9 and 11.5 µM, respectively) obtained from the double reciprocal plot as indicated above. 18 
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 1 

 2 

Figure 2. The double-reciprocal plot (Lineweaver-Burk plot) of substrate concentration versus 3 

velocity. The initial rates kinetics were determined by incubating BoNT/A LC (50nM) at various 4 

concentration of the peptide substrates ([s] = 5, 10, 20, 25 µM) and ([I] = 0 µM (red, solid), 3 5 

µM (purple, long dash), 6 µM (green, dash) and 12 µM (blue, round dot). The Lineweaver-Burk 6 

plot data is described as a mixed inhibition mode. The characteristic of mix inhibition mode such 7 

that KM (negative reciprocal of x-intercept) is increasing, and maximum velocity Vmax is 8 

decreasing with inhibitor concentration. The values of the kinetic constants KM and Vmax are 9 

summarized in Table 1. Each data point represents the mean with an error bar of the three 10 

independent experiments.  11 

 12 

Table 1. Kinetic constants (average and standard deviation) of the BoNT/A LC catalyzed 13 

reaction in the presence and absence of NPP. The KM and Vmax values were determined by a 14 

nonlinear regression method. [c], NPP concentration.  15 
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NPP [c] Vmax (RFU/s) KM (µM) 

0 µM 3.44 ±0.11 18.37 ±1.88 

3 µM 2.13 ±0.06 19.41 ±2.05 

6 µM 2.09 ±0.01 20.45 ±0.32 

12 µM 1.56 ±0.15 21.91 ±3.61 

* Data represent the averages from three independent experiments (mean ± SD, n=3). 1 

 2 

Binding Analysis of BoNT/A LC and NPP  3 

Steady-state Fluorescence measurements 4 

Conformational changes in BoNT/A LC upon binding with inhibitor were further examined at 5 

the tertiary structure level by monitoring intrinsic tryptophan fluorescence in the presence and 6 

absence of NPP. Different concentrations of NPP were incubated with 2 µM of BoNT/A LC. 7 

Since the NPP was prepared in DMSO, BoNT/A LC incubated with DMSO was used as a 8 

control. Fig. 3 shows the similar fluorescence intensity of BoNT/A LC in the absence (red line) 9 

and in the presence (green dotted line) of DMSO. Since 280 nm is the wavelength at which 10 

tryptophan and tyrosine residues absorb maximally, the excitation at 295 nm was chosen to 11 

selectively excite Trp residues, avoiding contribution from Tyr fluorescence. Emission λmax was 12 

observed at 324 nm (Fig. 3), indicating that Trp residues in BoNT/A LC are buried and 13 

constrained in a hydrophobic environment (40, 41). The emission λmax upon excitation at 295 nm 14 

for BoNT/A LC treated with NPP was also observed at 324 nm (Fig. 3). 15 
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Additionally, the quenching of Trp fluorescence of BoNT/A LC was dependent on NPP 1 

concentration. Notably, when BoNT/A LC was incubated with DMSO, no reduction of the signal 2 

was observed, suggesting that the resulted signal quenching is due to the presence of NPP. The 3 

fluorescence spectroscopy results showed that NPP quenched intrinsic fluorescence of BoNT/A 4 

LC. The corrected intensity of the Trp fluorescence signal at λmax of BoNT/A LC in the presence 5 

of 20, 50, 100, and 200 µM concentrations of NPP showed a reduction of the signal to 88, 84, 73, 6 

and 59 %, respectively (Supplement Fig S3), suggesting NPP can form a complex with BoNT/A 7 

LC, hence contributing in the quenching of intrinsic fluorescence of BoNT/A LC. 8 

 9 
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 1 

Figure 3. Effect of NPP on the intrinsic fluorescence of BoNT/A LC with an excitation 2 

wavelength of 295 nm. Panel a: The fluorescence intensity at emission maxima showing the drop 3 

in intrinsic fluorescence intensity of BoNT/A LC (2 µM) corresponding to the concentration-4 

dependent addition of NPP in the ratio of 1:10, 1:25, 1:50, 1:100. The intrinsic fluorescence of 5 

BoNT/A LC remains unchanged in the presence of DMSO. Panel b: The Stern-Volmer plot of the 6 

fluorescence intensities in the absence and presence of NPP quencher (F0/F) versus NPP 7 

concentration in M at 298.15 K and 310.15 K temperature.  8 

 9 

The fluorescence quenching of BoNT/A LC by NPP could be due to energy transfer, 10 

complex formation, molecular rearrangements, and collision between fluorophores. There are 11 

two modes of fluorescence quenching: static quenching and dynamic quenching. Static and 12 

dynamic quenching can be distinguished by the different temperature dependencies shown by the 13 

Stern-Volmer plot. The Stern-Volmer plots of the fluorescence intensity of BoNT/A LC without 14 

and with NPP (F0/F) vs. different concentrations of NPP at 298 K and 310 K temperature are 15 
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linear (Fig 3b). Furthermore, the Ksv at 25 ºC and 37 ºC are 22.10 x 103 M-1 and 7.90 x 103 M-1, 1 

respectively (Table 2). Both above observations suggested that the quenching of BoNT/A LC 2 

fluorescence by NPP is a static quenching.  Therefore, we can conclude that BoNT/A LC-NPP 3 

complex formation occurs through a strong coupling regime. (30). Furthermore, the quenching 4 

rate constant Kq (calculated using eq. 2) at 298K and 310K  is 1.03 X 1013 M-1S-1 and 0.36 X 1013 5 

M-1.S-1, respectively (eq. 2) for BoNT/A LC life-time τ0 2.12 X 10-9 s (41). The derived Kq was 6 

much higher than the maximum scattering collision quenching rate constant of various quenchers 7 

of fluorescence moieties in biopolymer (2.0 X 1010 M-1.S-1) (42), suggesting that BoNT/A LC - 8 

NPP interaction follow the static quenching mechanism rather than the dynamic collision 9 

quenching.  10 

Number of NPP binding site 11 

The study of inhibitor protein interaction can provide insight into the binding ability and stability 12 

of the inhibitor-protein complex. The binding of NPP to BoNT/A LC was determined from the 13 

fluorescence intensity data using equation 3 (Materials and Methods). The number of binding 14 

sites n and binding constant Ka of NPP-BoNT/A LC interaction can be calculated using the plot 15 

of log (F0-F)/F vs. log (1/([Qt]-(F0-F)[Pt]/F0) (equation 3). The value of n for NPP binding with 16 

BoNT/A LC is approximately 1. The binding constant Ka (26.3 x 103M-1 and 8.7 x 103M-1) 17 

decreases with the temperature increasing from 298 K to 310 K, indicating that the stability of 18 

the BoNT/A LC – NPP complex reduces at higher temperature (Table 2). The dissociation 19 

constant (inverse of Ka) of NPP can be calculated as 38 µM at 298K. 20 

 21 

Thermodynamic Analysis of the Fluorescence data 22 
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The interaction of NPP binding to BoNT/A LC involves four major forces i.e. hydrophobic 1 

interactions, hydrogen bonding, van der Waals forces, and electrostatic forces. The 2 

thermodynamic parameters ΔH and ΔS were calculated by the van’t Hoff plot (ln K vs 1/T) and 3 

are presented in Table 2. The negative ΔH (-70.80 kJ.mol-1) indicates the NPP-BoNT/A LC 4 

binding process is exothermic, which is also consistent with decreasing Ka value as the 5 

temperature is increasing. The data suggested negative ΔH and ΔS values (Table 2) indicating 6 

that hydrogen bonds and van der Waals forces played major role in the binding of NPP to 7 

BoNT/A LC.  8 

Table 2. The quenching constants (Ksv), binding constants (Ka), number of binding sites (n), 9 

and relative thermodynamic parameters of NPP-BoNT/A interaction using fluorescence 10 

spectroscopy. 11 

 12 

T (K) Ksv R2a Ka n R2b ΔH  ΔS ΔG  

 (x103 M-1)  (x103M-1) (kJ. mol-1) (kJ.mol-1 

K-1) 

(kJ. 

mol-1) 

298 22.1 0.98 26.3 0.9 0.99 -70.8 -0.15 -25.2 

310 7.9 0.99 8.7 0.9 0.99  -70.8  -0.15 -23.4 

R2a and R2b are the regression coefficients for Ksv and Ka values respectively. 13 

 14 

Isothermal calorimetry (ITC) Analysis 15 

 16 

To understand NPP’s interaction with the BoNT/A LC, ITC experiments were carried out to 17 

directly determine the stoichiometry, entropy, enthalpy, and association constant. The binding 18 
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stoichiometry (n) of NPP to BoNT/A LC is 2.8 (Fig. 4). This value indicates that ligand binds on 1 

2-3 sites on the enzyme surface. In other words, either BoNT/A possesses multiple binding sites 2 

for NPP or multiple NPP molecules bind to the same site with the similar affinity. The data is 3 

also consistent with the mixed-type inhibition kinetics we observed for this inhibitor (Fig. 2). 4 

Further analysis of ITC data allowed us to calculate thermodynamic parameters. We found that 5 

ΔS = 0.08 kJMol-1K-1, ΔH = -10 kJMol-1 (Fig. 4). Higher negative enthalpy means the binding 6 

affinity of NPP to BoNT/A LC is strong which is substantiated by higher KD ~ 1.3 µM (Fig 4). 7 

The Gibbs free energy change ΔG was calculated using eq. 5 to be -34.5 kJ.mol-1. The similar 8 

negative Gibbs free energy change was calculated by fluorescence data (-25 kJ.mol-1) inferred 9 

that the NPP bind to BoNT/A LC is a spontaneous process. The positive entropy value indicated 10 

that the system becomes more disordered upon binding (Fig. 4). To further investigate this 11 

possibility, we carried out MD simulations of NPP binding to BoNT/A LC (see results below). 12 

 13 
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Figure 4. Isothermal titration calorimetry of NPP interacting with BoNT/A LC. Panel a: Raw 1 

data obtained for 25 injections of 10µl of 0.4 mM NPP solution into the sample cell containing 2 

40 µM BoNT/A LC (after subtraction of the integration baseline.) Panel b: Normalized 3 

integrated enthalpies plotted against the molar ratio of inhibitor NPP to BoNT/A LC. 4 

 5 

Molecular Dynamics simulations 6 

Equilibrium simulations of BoNT/A LC with NPP molecule 7 

To explore the binding mechanism of NPP to BoNT/A LC, we carried out a 1 μs-long 8 

equilibrium simulation (see Materials and Methods). To monitor the binding transitions, we 9 

analyzed the dynamics of the total number of binary contacts between the atoms forming NPP 10 

molecule (see Fig. 1) and amino acids side chains of BoNT/A LC. The molecules are said to 11 

form a binary contact if a distance between the center of mass of any amino acid side chain of 12 

BoNT/A LC and any atom of the NPP molecule is less than 15 Å and it persists for 5 ns. The 13 

curves of the total number of binary contacts vs. time are displayed in Fig. 5. 14 

Analysis of binary contacts shows that the binding of NPP proceeds in three stages (Fig. 15 

5). The first stage lasts up to ~ 50 ns of the trajectory, and it represents the initial interaction 16 

between loop 50-70 of the BoNT/A LC and NPP molecule (Fig. 5, snapshots 1a and 1b). 17 

Detailed analysis of binding contacts revealed that the initial binding occurs due to hydrophobic 18 

interactions of NPP with aliphatic residues Leu59, Pro61, Pro62, Pro63 of BoNT/A LC, polar 19 

interaction with hydrophilic residues Asn53, Asn60, Tyr73, Ser75, and electrostatic interactions 20 

with charged residues Glu55, Glu56, Glu64, Lys66 (Table 3). During the second stage, NPP 21 

moves towards the active site of the BoNT/A LC (Fig. 5, snapshots 2a, 2b). Interestingly, we 22 



22 

 

found that loop 50-70 facilitates the binding of NPP by tilting inwards and outwards, thus 1 

preventing the inhibitor from unbinding while it adjusts itself in the active site (Movie S1).  2 

NPP molecule adapts unique orientation in the active site, with a three-ring psoralen 3 

moiety, placed perpendicular to the direction of the LC groove and substrate binding site, while 4 

the nitrophenyl residue rotates ~ 90° relative to the psoralen moiety, and creates stable contact 5 

with loop 50-70. This conformation emerges due to hydrophobic interaction of NPP with 6 

residues Pro62, Ala65, Val68, Pro239, Ala158, Val258, polar interactions with residues Asn53, 7 

Ser71, Tyr73, Ser157, Gln162, Asn240, Ser259, and electrostatic interactions with residues 8 

Glu56, Lys66, Asp159, Glu164, Lys166, Arg187, Glu257, Glu262, with all interactions 9 

persisting for ~0.15 µs. It is important to note that the stable contacts created by NPP with 10 

residues Glu257, Val258, and Ser259 perturb the secondary structure of the LC resulting in the 11 

transformation of β-strand Val242–Tyr250, forming the β-exosite, into a random coil (Fig. 5 12 

snapshots 2a, 2b). The third stage of the binding starts after ~ 0.2 µs, NPP moves closer to Zn2+-13 

ion, thereby blocking the LC active site (Fig. 5, snapshots 3a, 3b) and creating additional 14 

hydrophobic contacts with residues Pro69, Asn238, and Val242 of BoNT/A LC (Table 3) (see 15 

Movie S1).  16 

 17 
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Figure 5. Dynamics of binding interactions between NPP molecule and BoNT/A LC quantified using the 1 

total number of atomic binding contacts from 0.25 µs of equilibrium MD simulations. The initial binding 2 

event (stage I, snapshots 1a, 1b) is followed by the adjustment of NPP next to the active site of LC (stage 3 

II, snapshots 2a, b), and further movement toward Zn2+-ion (stage III, snapshots 3a, 3b), which results in 4 

blocking of the active site. The structure of LC is shown in ribbon representation (color denotation is 5 

same as in Fig. 1); the NPP molecule is shown in thick balls-and-sticks representation (color denotation 6 

is same as in Fig. 1); the amino acid side chains of LC forming stable contacts with NPP are shown as 7 

thin balls-and-sticks. 8 

Table 3. List of BoNT/A LC amino-acid residues forming stable contacts with NPP molecule at various 9 

stages of the binding process (see also Fig. 5). 10 

Stage 

Time (μs) 

Amino acids 

Electrostatic Hydrophobic Polar 

I 0 – 0.05 Glu55, Glu56, Glu64, 

Lys66 

Leu59, Pro61, Pro62, 

Pro63 

Asn53, Asn60, Tyr73, 

Ser75 

II 0.05 – 0.20 Glu56, Lys66, Asp159, 

Glu164, Lys166, Arg187, 

Glu257, Glu262 

Pro62, Ala65, Val68, 

Pro239, Ala158, Val258 

Asn53, Ser71, Tyr73, 

Ser157, Gln162, 

Asn240, Ser259 

III 0.20 – 0.25 Glu56, Lys66, Asp159, 

Glu164, Lys166, Arg187, 

Glu257, Glu262 

Pro62, Pro69, Ala65, 

Val68, Pro239, Ala158, 

Val242, Val258 

Asn53, Ser71, Tyr73, 

Ser157, Gln162, 

Asn238, Asn240, 

Ser259 

 11 
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Discussion: 1 

In this study, we examined the mechanism of BoNT/A LC inhibition by NPP using 2 

several experimental techniques, such as enzyme kinetics, binding kinetics, spectroscopy, and 3 

equilibrium simulation using molecular dynamics to explore specific binding interactions at the 4 

level of atoms. Many BoNT inhibitors exhibiting competitive (43), non-competitive (28, 44), or 5 

mixed type (13) inhibition mechanisms have been reported in the literature. We found that NPP 6 

showed mixed-type inhibition, with characteristics that correspond to a competitive inhibition 7 

(higher KM
app with increased inhibitor concentration; Fig 2). The nature of mixed-type inhibition 8 

by NPP indicates that the enzyme might possess a secondary binding site in addition to the active 9 

site, and the inhibitor might interfere with both the free enzyme and the enzyme-substrate 10 

complex. However, an affinity to the free enzyme is larger than to the enzyme-substrate 11 

complex. The crystal structure of SNAP-25 in the BoNT/A LC complex suggests the existence 12 

of two exosites (on the BoNT/A LC) involved in substrate binding (45). The α-exosite is located 13 

outside of the catalytic cleft of the enzyme, but is predicted to play a key role in the substrate 14 

specificity (45); the β-exosite protrudes into the enzyme’s catalytic center, and also plays a key 15 

role in the substrate recognition and enzymatic activity (45). We determined that Ki < Ki' 16 

indicating that the inhibitor’s binding near the active site occurs with higher affinity, thus being a 17 

competitive inhibitor. We found that a fraction of NPP molecule binding occurs at the β-exosite 18 

located near the active site. β-exosite comprises of two β-strands (β-strand-I from Val242-19 

Val245 and β-strand-II from Gly255-Ser259) connected through ‘250 loop’ (46). Upon NPP 20 

binding at the β-exosite, the β-strands transformed into random coil indicating the structural 21 

change at the β-exosite (Fig 5, snapshots 2a, 2b and Movie S1). The observed structural changes 22 

at this region could interfere the SNAP-25 interaction to BoNT/A LC. This could be the possible 23 
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reason for the reduction of endopeptidase activity of BoNT/A LC in the presence of NPP and its 1 

non-competitive inhibition enzyme kinetics (26). 2 

The fluorescence spectroscopy results showed that NPP quenched BoNT/A LC intrinsic 3 

fluorescence. NPP has aromatic rings in conjugation, which absorb at 230 to 350 nm that 4 

interfere with the LC’s fluorescence signal in the presence of NPP due to the inner filter effect. 5 

The inner filter effect was nullified by correcting the emission intensity at λmax of BoNT/A LC 6 

using eq. 1 (see Materials and Methods). Even after the correction of the inner filter effect, there 7 

was a significant effect of NPP on the BoNT/A LC fluorescence signal (about 12% change near 8 

Ki concentration), As a result of static quenching (decreasing slope with increasing temperature) 9 

(Fig. 3c) can also be concluded that BoNT/A LC-NPP complex formation occurs through a 10 

strong coupling (30).  11 

The ITC obtained NPP’s dissociation constant, KD as 1.3 µM, and the thermodynamic 12 

parameters suggest that the binding is entropy-driven (Fig. 4). This observation is in agreement 13 

with the results reported by Burnett et al. (15), showing similar dissociation constant of 4.6 µM 14 

for NSC 240898 (with well-defined pharmacophore groups) and BoNT/A LC, (dissociation 15 

constant at 1:1 stoichiometry of inhibitor and LC). However, the obtained stoichiometry of NPP 16 

binding to BoNT/A LC is 3:1 as opposed to 1:1 for NSC 240898. Thus, ITC data supports our 17 

conclusion from the kinetic experiments that NPP binds favorably to BoNT/A LC. The Trp 18 

fluorescence spectroscopy identifies at least one of the binding sites near the fluorescent Trp 118 19 

located near the BoNT/A LC active site (47) (Table 2). In the MD simulation, we observed that 20 

NPP molecules tend to aggregate, forming a stack structure of two-three molecules aligned in a 21 

parallel manner (Supplement Fig S4). The interactions occur when any two molecules approach 22 

each other at closer than ~1.0 nm distance. The stoichiometry of NPP to BoNT/A LC, 3:1 in the 23 
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ITC data might be the case of the multiple molecules combine to bind at one site. Hence, not 1 

only the dynamics of the BoNT/A enzyme but also the dynamics of small inhibitor molecules 2 

should be explored. Clearly, such a non-trivial dynamic behavior can significantly affect the 3 

efficiency of the inhibitor and should be carefully explored for potential drug development 4 

purposes.  5 

To get insight into the binding mechanism and atomistic interactions between BoNT/A 6 

LC and NPP, we carried out MD simulation of the molecules binding.  MD simulations is a 7 

powerful tool widely used for studying biological processes at the atomic level (48-51). In this 8 

work, we utilized the all-atom MD simulations to probe the mechanism of NPP inhibitor binding 9 

to BoNT/A LC. Analysis of MD simulation data revealed that loop 50-70 of BoNT/A LC plays 10 

important role in inhibitor binding. The loop 50-70 of the BoNT/A LC latches on the inhibitor 11 

molecule thus preventing its dissociation, and guides the inhibitor to the active site. The residue 12 

positions in the loop 50-70 are crucial for binding since it seems to play the role of a 13 

“doorkeeper” opening and closing the entrance to the BoNT/A LC active site. Hence, one of the 14 

strategies for drug development could be proposing an inhibitor, which could bind to the loop 15 

50-70 with high affinity. Additionally, it is also important to note that in the case of NPP we 16 

observed β-exosite distortion due to new contacts that emerged between β-exosite and NPP 17 

(Table 3) (22, 52).  18 

Previously, the mechanism of inhibition of BoNT/A LC by small molecules was 19 

examined using molecular docking approaches (52-54) and MD simulations (54, 55). Hu et al. 20 

(52) demonstrated that small inhibitors have high binding affinity to various sites on the LC 21 

surface, not only to the active site. Although a large number of longer simulations are required to 22 

thoroughly resolve the mechanisms of NPP binding to BoNT/A LC, to the best of our 23 
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knowledge, these are the first atomistic simulations of the inhibitor binding to BoNT/A, in which 1 

the full-length structure of BoNT/A LC has been used. These efforts have enabled us to explore 2 

the NPP inhibitor binding dynamics on the microsecond timescale and to follow the dynamics of 3 

enzyme-inhibitor interaction to resolve the association-dissociation transitions for BoNT/A LC 4 

enzyme and NPP inhibitor dynamics at the same time. 5 

Conclusions 6 

In conclusion, using a powerful combination of precise biochemical experiments, including 7 

enzyme inhibition kinetics, ITC, fluorescence spectroscopy, and computational molecular 8 

modeling; we explored the mechanism of inhibition and binding interactions of NPP ligand to 9 

BoNT/A LC enzyme. The experimental results have provided preliminary information for the 10 

interactions of the inhibitor molecule to the BoNT/A LC. These interactions are correlated with 11 

the loss of enzyme activity and can explain the mixed type of inhibition kinetics. The steady-12 

state fluorescence analysis identified one of the NPP binding sites at BoNT/A LC. Although our 13 

data provide structural insight into the dynamics of drug-protein interactions, which can be used 14 

to uncover the mechanisms of BoNT/A LC inhibition by NPP ligand, further studies are needed 15 

to develop NPP into a therapeutic drug. Nevertheless, the combined experimental and 16 

computational studies undertaken in this work provide a novel platform to improve the 17 

therapeutic potency of NPP against BoNT/A intoxication. 18 
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