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Introduction
Botulinum neurotoxins (BoNTs1) are potent protein toxins produced by the bacterium 

Clostridium botulinum. They are among the most poisonous toxins known to mankind, with 
a Lethal Dose (LD50) value below 1 ng/kg [1]. There exist seven serologically distinct BoNTs, 
commonly known as serotype A-G [2,3]  that are classified on the basis of the lack of antitoxin cross-
neutralization. Although experimental evidence indicates that humans are sensitive to all serotypes, 
natural intoxications occur only with BoNT/A, BoNT/B, BoNT/E and BoNT/F [4-6]. BoNT exerts 
its action on its host as a zinc metalloprotease by targeting SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins. The cleavage of SNARE proteins blocks 
the release of the neurotransmitter acetylcholine at the nerve ending, resulting in flaccid paralysis. 
As a protein toxin, BoNT intoxicates cell via a typical four-step process composed of binding, 
internalization, membrane translation and enzymatic target modification [7,8]. 

Decades of biochemical investigations have led to the realization that the extreme toxicities 
of BoNTs have a lot to do with the high affinity and specificity of their binding to the neuronal 
membrane [9-11]. It is now commonly accepted that binding of BoNTs occurs via a “dual-receptor” 
model as originally proposed by Montecucco and coworkers [12]: complex gangliosides act as a low 
affinity acceptor responsible for accumulating the toxins on the neuronal membrane, facilitating a 
subsequent binding of BoNTs to a second protein receptor. In spite of the fact that the seven BoNT 
serotypes A-G [2,3] share certain structural and functional similarity, different protein receptors are 
utilized by the seven BoNT serotypes as the co-receptor. A major focus of the field over the years 
was to identify the receptor and pathway for each BoNT. Two homologous synaptic vesicle proteins, 
synaptotagmins (Syts) I and II [13,14] were identified to be the protein receptor for BoNT/B and 
BoNT/G [15-18], whereas the 12 transmembrane domain synaptic vesicle protein 2 (SV2) [19,20] 
mediates the entry of BoNT/A, BoNT/E and BoNT/F [9,21-24]. In the case of BoNT/B, it was found 
that the molecular recognition domain only consists of residue 40-60 located in the luminal domain 
of Syt-II [18].
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Abstract

Botulinum Neurotoxins (BoNTs) bind the neuronal membrane of the host cell via dual interactions with 
both protein receptors and gangliosides. In order to decipher the molecular determinants for recognition 
of cell surface protein receptor synaptotagmins II (Syt-II) by the BoNT serotype B (BoNT/B), a high-level 
quantum chemical analysis was performed, on the basis of the 2.15 Å resolution x-ray crystal structure of the                                      
BoNT/B – Syt-II complex. The work resulted in the discovery of two interfaces of molecular recognition; the 
amphipathic α-helix of the protein receptor Syt-II interacts with BoNT/B by forming a hydrophobic interface on 
one side of the helix and a hydrophilic interface on the other side. The hydrophobic interface consists of residues 
Phe47, Leu50, Phe54, Phe55 and Ile58 of Syt-II interacting with residues Trp1178, Tyr1181, Tyr1183, Phe1194 
and Phe1204 of BoNT/B. The hydrophilic interface is composed of residues Lys53 and Glu57 of Syt-II interacting 
with residues Lys1113, Asp1115, Ser1116 and Lys1192 of BoNT/B. Intermolecular interaction energies between 
BoNT/B and Syt-II were calculated by means of the supermolecular approach at the MP2 level with subsequent 
solvation energy correction. It was found that the energetic contribution of the hydrophobic interface toward 
binding of BoNT/B with Syt-II (-9.49 kcal/mol) is much stronger than that of the hydrophilic interface (-2.58 kcal/
mol). Furthermore, pair-wise intermolecular interaction analysis led to the findings that π-π stacking interactions 
among aromatic residues are the major molecular determinants for recognition of cell surface protein receptor 
Syt-II by the botulinum neurotoxin BoNT/B. These findings are significant since it was widely believed that the 
extreme toxicities of BoNTs have a lot to do with the high affinity and specificity of their binding to the neuronal 
membrane. It is expected that a detailed understanding of the intermolecular interactions responsible for the 
extreme specificity of molecular recognition between BoNT and its protein receptor as reported here will have 
far reaching implication for not only the rational design of potent protein toxin inhibitors targeting toxin-protein 
receptor binding interface but also the development of more suitable therapeutic neurotoxins.
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The structural organization of BoNT is functionally related 
to its mechanism of action. The known crystal structures of BoNT 
serotypes, BoNT/A, BoNT/B and BoNT/G [25-27], revealed that 
all BoNTs adopt similar fold, composing of multiple functionally 
independent domains that perform the associated tasks in the four-
step mechanism of intoxication. Each BoNT is initially synthesized 
as a single chain precursor protein of ~150 kDa mass that is cleaved 
by bacterial or host proteases into two chains: a light chain (L) of 
~50 kDa and a heavy chain (H) of ~100 kDa. The former functions 
as a metalloprotease; and the latter contains an amino-terminal 
domain (HN) that facilitates the translocation of the light chain from 
endosomes into the cytosol, and a carboxyl-terminal domain (HC) that 
mediates the binding to specific cell surface receptors. Furthermore, 
numerous evidence indicates that it is the C-terminal subdomain of 
the carboxyl-domain of the heavy chain of BoNT (HcC) that binds 
directly with the cell surface receptors [2,17,18,28,29]. Interestingly, 
HcC retains a full binding affinity as an isolated fragment [30]. 

Our knowledge of binding, as the critical event in the four-step 
processes, was further advanced by the determination of co-crystal 
structures of BoNT/B with the receptors. In 2006, the x-ray crystal 
structure for the full length BoNT/B in complex with the Syt-II 
recognition domain was determined to 2.6 Å resolutions [31]. At the 
same time, a 2.15 Å resolution x-ray crystal structure was reported 
for a recombinant fusion protein consisting of the Hc-fragment of 
BoNT/B and the luminal domain of Syt-II [32]. Recently, the crystal 
structure of the ternary complex of BoNT/B with both its protein 
receptor Syt-II and its gangliosides receptor GD1a was determined 
to 2.3 Å resolutions [33]. The very existence of the crystal structure 
of the ternary complex provided direct proof of the dual receptor 
model [12] at the structural level. Furthermore, it was demonstrated 
that the protein receptor Syt-II and the gangliosides receptor GD1a 
occupy separate binding sites with no allosteric effect, i.e., the binding 
affinity of BoNT/B towards Syt-II was not influenced by the presence 
of GD1a [33]. 

Our main objective here is to understand the molecular 
determinants for molecular recognition of the protein receptor 
by botulinum neurotoxin. The co-crystal structures [31-33] reveal 
structural insight into the toxin-protein receptor interactions, which 
form the basis of the quantum mechanical analysis presented here. 
Interestingly, it was discovered that the luminal domain of Syt-II 
undergoes a structural transition from totally unstructured into an 
α-helix upon binding with BoNT/B [31,32]. As shown in Figure 
1(a,b), the induced α-helix consisting of residues 47-58 of Syt-II binds 
to the distal tip of HcC of BoNT/B, in a saddle-shaped crevice on the 
surface formed by eight β-sheets and four intervening loops. 

In this article, a high-level quantum chemical analysis is 
performed, on the basis of the 2.15 Å resolution x-ray crystal structure 
of the BoNT/B – Syt-II complex [32], to determine the molecular 
determinants for recognition of the protein cell surface receptor 
by botulinum neurotoxin. The work resulted in the discovery of 
multiple modes of molecular recognition in the formation of the                    
BoNT/B – Syt-II complex. It is expected that a detailed understanding 
of the intermolecular interactions responsible for the extreme 
specificity of molecular recognition between BoNT and its protein 
receptor as reported here will have far reaching implication for not 
only the rational design of potent protein toxin inhibitors targeting 
the toxin-protein receptor binding interface but also the development 
of more suitable therapeutic neurotoxins [6,11,35].

Theory and Methods
The conceptual framework for the protein-protein complex 

formation in solution is depicted in the following scheme,

                (1)

Figure 1: (a) Structure of the complex between the carboxyl-domain of the 
heavy chain (Hc) of BoNT/B (colored in cyan) and synaptotagmin II (Syt-II) 
(colored in gray) based on the 2.15 Å resolution x-ray crystal structure of the 
complex (PDB ID: 2NM1) [32]. The Hc domain consists of an amino terminal 
lectin-like jelly roll subdomain (HcN) and a carboxyl-terminal β-trefoil 
subdomain (HcC). (This plot is generated with the program PyMOL [34]).

Figure 1: (b) The sequence of the intraluminal domain of the human Synaptotagmin II and its alignment with that of the mouse.
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This serves as a basis for our analysis of the binding affinity of 
BoNT/B to Syt-II. It is worth noting that a similar scheme was used 
to calculate solution phase binding affinities for ligand-protein 
complexes previously [36]. Both proteins (BoNT/B and Syt-II) are 
solvated before complex formation. They both lose part of their 
solvation shell upon binding, which incurs an energy cost commonly 
referred to as dehydration energy. According to the scheme, the 
binding energy for complex formation in solution can be evaluated 
indirectly by calculating intermolecular interaction energies in the 
gas phase           followed by a correction for the dehydration energy

 
           

:

                         (2)

The gas phase intermolecular interaction energies between Syt-
II and its surrounding residues in BoNT/B intE ),g(∆ were calculated 
by means of the supermolecular approach. In the supermolecular 
approach, the energy of interaction between molecules A and B is 
defined as the difference between the energy of the interacting dimer 

ABE
 
and the energies of the monomers      and

The calculations were carried out at the second order Moller-
Plesset Theory (MP2) level with a frozen core using the GAUSSIAN 
03 program [37] on HP Z800 workstations installed in our lab and 
the Oakley Cluster of Intel Xeon CPUs at the Ohio Supercomputer 
Center. The Basis Set Superposition Error (BSSE) was corrected by 
the Boys and Bernardi Counter Poise Method [38]. 

As in all other quantum mechanical calculations, the quality 
of calculated results depends on the proper choice of the basis set. 
Non-bonded intermolecular interaction is essentially a juxtaposition 
of several elements, including the electrostatic interaction, the 
exchange repulsion interaction, induction, and the dispersion force. 
For hydrogen bond and salt-bridge, electrostatic interaction is the 
dominant force. The standard 6-31+G* method has been widely used 
to treat hydrogen bonded complexes of large biomolecular systems 
like ours since more sophisticated treatment is prohibited by the size 
of the investigated system [39,40]. We will adopt the MP2/6-31+G* 
method for treating all salt-bridge and hydrogen bonding interactions. 
The dispersion force is the dominant attractive force between neutral 
molecules [41-43], which occurs in both π-π stacking and CH-π 
interaction. The dispersion force arises from the mutual correlation 
of electrons that belong to interacting monomers (intermolecular 
correlation effects). The correlation energy is typically of the same 
order of magnitude as the intermolecular interaction energy. 
Consequently, the inclusion of electron correlation is important 
in any accurate ab initio electronic structure calculation of weakly 
bonded complexes. It has been shown that for a proper treatment of 
π-π stacking and CH-π interaction, the inclusion of diffuse basis sets 
is required [39,44]. These diffuse basis sets are localized sufficiently 
far from the atomic nuclei, and thus fill the empty space between two 
interacting monomers. The latter is where a substantial portion of 
correlation energy originates. At the MP2 level, Dunning’s correlation 
consistent basis sets (cc-pVXZ, X=D, T, Q, and 5) and the augmented 
aug-cc-PVXZ basis sets are desirable, and have been applied to both 
π-π stacking and hydrogen-bonding complexes of small molecules 
[45,46].

However, such huge basis sets are not computationally feasible 

for the large system of our interest here. A more feasible choice 
for our system is a medium sized basis set, such as the polarization 
augmented double zeta 6-31G* basis set. In a series of studies of DNA 
base stacking, Hobza and co-workers employed a modified 6-31G* 
basis set with diffuse (momentum optimized, dispersion energy-
optimized) d-polarization at the MP2 level of theory [39,47]. In the 
conventional 6-31G* basis set, the d-polarization functions for non-
hydrogen atoms (C, N, and O atoms) are energy-optimized with 
an exponent of 0.8. In the modified basis set, an exponent of 0.25 is 
used for the d-polarization functions of C, N, and O atoms, instead. 
Following the author’s convention [47,48], the modified basis set 
is designated 6-31G*(0.25). The 6-31G*(0.25) basis set will be used 
in all of our calculations of π-π stacking and CH-π interactions. 
Accordingly, the chosen MP2 method with 6-31G*(0.25) basis set will 
be denoted MP2/6-31G*(0.25) method.

The dehydration energy for the complex formation is defined (see 
Eq. 1) by

           (3)

where ,   =sol
iG i∆ AB, A, B represents the free energies of solvation 

for the complex AB, and the monomers A, B, respectively. Due to 
the prohibitively high cost of explicitly including solvent molecules 
in simulating biological systems, a common way to calculate the 
free energy of solvation is through continuum models. Here, we 
adopted the SM5.42R Solvation Model of Cramer and Truhlar [49] 
as implemented in the GAMESOL-v3.1 package [50] and the 2008 
R1 version of GAMESS [51] for evaluation of the free energy of 
solvation. In the SM5.42R model, the standard-state free energy of 
solvation includes two components: the electrostatic term and the 
first solvation shell term (or nonelectrostatic term). As the solute is 
solvated, the charge distribution of the solute induces a polarization 
of the surrounding dielectric medium of the solvent, and the electric 
polarization field of the solvent, in turn, interacts with the solute 
charge distribution in a self-consistent manner. The electrostatic term 
consists of the electrostatic free energy of electric polarization of the 
solvent (including the solvent reorganization cost) and the distortion 
cost of polarizing the solute to be self-consistent with the solvent 
electric polarization. Theoretically, the mutual polarization of solute 
and solvent is implicitly accounted for by self-consistently solving 
the Schrödinger equation that contains an extra solvent reaction field 
operator (VR) in the presence of solute:

          (4)

where H ô is the gas phase Hamiltonian. Mathematically, the 
electrostatic component of the free energy of solvation is obtained 
by taking the difference between the energy (i.e., eigenvalue E) of 
eq. (4) and that associated with the gas phase Schrödinger equation. 
The nonelectrostatic term includes contributions arising from cavity 
creation, dispersion, and free energy changes derived from local 
perturbations in solvent structure. 

Depending on the gas phase Hamiltonian ( H ô ), the SM5.42R 
model has been parameterized at various levels of theory, such as 
SM5.42R/HF-6-31+G*, SM5.42R/PM3 (Parameterized Model 3), 
and etc [49]. The accuracy of the SM5 model has been extensively 
calibrated [49]. Mean unsigned errors between calculated and 
experimental free energies of solvation are typically 0.4-0.5 kcal/mol 
for neutral solutes. For ionic solutes in water, the mean unsigned 
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error is 3.5-3.9 kcal/mol for the SM5.42R/HF model [49]. In our 
calculations, the SM5.42R Solvation Model was applied at the HF/6-
31+G* level. SCF scheme II as defined in [49] was used to achieve 
better convergence and the dielectric constant of water solvent was 
set to 78.

Results
A careful examination of the crystal structure of the BoN4T/B – 

Syt-II complex in three-dimensional computer visualization resulted 
in the discovery of multiple modes of molecular recognition in the 
formation of the BoNT/B – Syt-II complex. It was found that the 
α-helix consisting of residues 47-58 of Syt-II (see Figure 1(b)) is largely 
amphipathic where one surface of the alpha helix is mainly lined up 
with hydrophilic residues Lys49, Asp52, Lys53, Asn56, Glu57 and the 
opposite face is dominated by hydrophobic residues Phe47, Leu50, 
Phe54, Phe55, and Ile58. Figure 2 shows the amphipathic α-helix of 
Syt-II, along with its interacting residues in the C-terminal subdomain 
of the carboxyl-domain of the heavy chain (HcC) of BoNT/B. As 
can be seen, hydrophilic residues of Syt-II interact with hydrophilic 
residues of BoNT/B, whereas hydrophobic residues of Syt-II interact 
with hydrophobic residues of BoNT/B, forming two interfaces of 
binding interactions for molecular recognition. The hydrophobic 
interface (right) consists of residues Phe47, Leu50, Phe54, Phe55 and 
Ile58 of Syt-II interacting with residues Trp1178, Tyr1181, Tyr1183, 
Phe1194 and Phe1204 of HcC of BoNT/B. The hydrophilic interface 
(left) is composed of residues Lys53 and Glu57 of Syt-II interacting 
with residues Lys1113, Asp1115, Ser1116 and Lys1192 of HcC of 
BoNT/B. Detailed three-dimensional arrangements of both interfaces 
are depicted in a stereo pair drawing in Figure 3.

Intermolecular interaction energies between BoNT/B and its 
receptor protein Syt-II were calculated by means of the supermolecular 
approach at the MP2 level based on the 2.15 Å resolution x-ray 
crystal structure of the BoNT/B – Syt-II complex (see Figure 1(a)). 
Two sets of calculations were carried out, i.e., (i) interactions in the 
hydrophobic interface and the hydrophilic interface between Syt-II 
and BoNT/B, respectively; and (ii) pairwise interactions between Syt-
II and several major structural motifs of BoNT/B. Given the large 
system size of our study, it is not computationally feasible to use a 
very large basis set at the level of theory of our choice (i.e., MP2). 
Past experience of ours and others demonstrated that a proper 
medium sized basis set can be chosen according to the physical 
nature of the intermolecular interaction [52-54]. As described in 
the Method section, the standard MP2/6-31+G* method was used 
to treat all salt-bridge and hydrogen bonding interactions whereas 
the MP2/6-31G*(0.25) method was utilized to deal with π-π stacking 
and CH-π interactions. The coordinates of non-hydrogen atoms in 
Syt-II and their interacting residues in BoNT/B were extracted from 
the 2.15 Å resolution x-ray crystal structure of the BoNT/B – Syt-II 
complex (PDB accession number 2NM1) [32]. Therefore, the internal 
coordinates of the monomers used in computing g

AE  and g
BE  was the 

same as within the dimer AB in the supermolecular approach. The 
positions of all hydrogen atoms were placed by ab initio geometry 
optimization at the HF/6-31G* level with all the non-hydrogen atom 
positions fixed. 

The first set of calculations aims at quantifying and comparing 
the binding strength of the hydrophobic interface against that of 
the hydrophilic interface of the BoNT/B – Syt-II complex. For 
the hydrophobic interface, side chains of residues Phe47, Leu50, 
Phe54, Phe55, Ile58 of Syt-II bind with side chains of residues 
Trp1178, Tyr1181, Tyr1183, Phe1194, Phe1204 of BoNT/B through 
multiple π-π stacking and CH-π interactions. The strength of the 
overall interaction energy for the entire hydrophobic interface was 
calculated at the MP2/6-31G*(0.25) level of theory. The results of 

Figure 2:  Intermolecular interaction map between the synaptotagmin II 
(Syt-II) helix (center) and the C-terminal subdomain of the carboxyl-domain 
of the heavy chain (HcC) of BoNT/B [32]. The Hydrophobic interface (right) 
consists of residues F47, L50, F54, F55 and I58 of Syt-II and residues 
W1178, Y1181, Y1183, F1194 and F1204 of HcC from BoNT/B. The 
hydrophilic interface (left) is composed of residues K53 and E57 of Syt-
II and residues K1113, D1115, S1116 and K1192 of HcC from BoNT/B. 
Dash lines indicate the closest interacting atoms of the interacting partners 
between Syt-II and HcC of BoNT/B.

Table I: Intermolecular interaction energies in the hydrophobic interface.

Intermolecular 
pairs

Syt-II HcC of BoNT/B

Phe47 Phe54 
Phe55

Leu50 Ile58

Tyr1181 
Tyr1183
Phe1194 
Phe1204
Trp1178

12.01 -13.99 -9.49

CH – π 
interaction

Ile58 Tyr1183 0.08 -0.51 -0.43

Leu50 Trp1178 1.57 -0.27 -0.10
π – π stacking

interaction

Phe47
Tyr1181 
Phe1194
Phe1204

1.29 -3.29 -2.40

Phe54
Tyr1183 
Phe1194
Phe1204

5.84 -5.46 -4.50

Phe55 Tyr1183 
Phe1204 2.95 -2.73 -2.11

a. Gas-phase intermolecular interaction energies (in kcal/mol) at the MP2/6-
31G*(0.25) level     and HF/6-31G*(0.25) level   are corrected for 
BSSE.
b. Solution phase interaction energies (in kcal/mol) are estimated by applying the 
SM5.42R model of Cramer and Truhlar at the HF/6-31+G* level.

a(kcal/mol)

g
HFE∆ 2

a(kcal/mol)

g
MPE∆

b(kcal/mol)

sE∆

2( )g
MPE∆ ( )g

HFE∆
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the calculation are listed in Table I, with a total interaction energy 
of -13.99 kcal/mol at the MP2/6-31G*(0.25) level in the gas phase. 
Taking into consideration of the dehydration energy (4.5 kcal/mol), 
we obtained a solution phase interaction energy of -9.49 kcal/mol 
for the hydrophobic interface. For the hydrophilic interface, side 
chains of Lys53, Glu57 and the main chain carboxyl group of Glu57 
of Syt-II interact with side chains of Lys1113, Asp1115, Ser1116, 
Lys1192, and the main chain carboxyl group of Asp1115 of BoNT/B 
through several salt-bridge and hydrogen bonding interactions. The 
strength of the overall interaction energy for the entire hydrophilic 
interface was calculated at the MP2/6-31+G* level, resulting in 
a total interaction energy of –220.52 kcal/mol in the gas phase (as 
shown in Table II). As expected, the gas phase interaction energy 
of –220.52 kcal/mol for the hydrophilic interface is much stronger 
than that of the hydrophobic interface (-13.99 kcal/mol). However, 
the energetic cost of desolvation for the hydrophilic interface is much 
higher (217.94 kcal/mol) since the constituting residues are either 
charged or polar, and well solvated in the monomeric state before 
the formation of the BoNT/B – Syt-II complex. As a result, the net 
interaction energy for the entire hydrophilic interface is only -2.58 
kcal/mol at the MP2/6-31+G* level after taking into account of the 
desolvation energy. Overall, the results of our calculations showed 
that the energetic contribution from the hydrophobic interface 
toward binding of BoNT/B with Syt-II is much larger than that 
from the hydrophilic interface. The above finding of the dominant 
role played by the hydrophobic interface is in good agreement with 
results of a biophysical experiment reported in the literature [32]. 
In [32], isothermal titration calorimetry experiment was conducted 
to investigate the thermodynamics of the Syt-II – BoNT/B complex 
formation. Based on the observed large negative heat capacity change 
( PC ) upon complex formation, Jin et al concluded that the protein-
protein interaction in the Syt-II – BoNT/B complex was driven by the 
hydrophobic effect.

The second set of calculations is essentially an interaction 
energy partitioning analysis, aiming at deciphering the molecular 
determinants for recognition of BoNT/B by Syt-II. The interest lies 
in determining which types of interactions are utilized by the protein 
receptor Syt-II for recognition of BoNT/B, and what their relative 
importance is. As shown in Figures 2 and 3 and listed in Tables I 
and II, the constituting interactions in the hydrophobic interface are 
mainly CH – π interactions (between Ile58 of Syt-II and Tyr1183 of 
BoNT/B; between Leu50 of Syt-II and Trp1178 of BoNT/B) and π -π 
stacking interactions among aromatic residues (Phe47 of Syt-II with 
residues Tyr1181, Phe1194, Phe1204 of BoNT/B; Phe54 of Syt-II with 
residues Tyr1183, Phe1194, Phe1204 of BoNT/B; Phe55 of Syt-II with 
residues Tyr1183, Phe1204 of BoNT/B). The constituting interactions 
for the hydrophilic interface are salt bridges (Glu57 of Syt-II with 
Lys1113 of BoNT/B; Glu57 of Syt-II with Lys1192 of BONT/B; Lys53 
of Syt-II with Asp1115 of BoNT/B) and hydrogen bonds (main chain 
carboxyl oxygen of Glu57 of Syt-II with Lys1192 of BoNT/B; Glu57 
of Syt-II with Ser1116 of BoNT/B; Lys53 of Syt-II with the main 
chain carboxyl oxygen of Asp1115 of BoNT/B). Pair wise interaction 
energies were calculated at the MP2 level of theory, and listed in Tables 
I and II under the separate headings of π-π stacking interaction, CH-π 
interactions, salt bridge, and Hydrogen Bonding.

As can be seen from Tables I and II, π-π stacking interactions 
dominate the binding interactions between BoNT/B and its protein 
receptor Syt-II. CH-π interactions also contribute to binding; albeit 
by a much smaller magnitude (see Table I). Among the π-π stacking 
interactions motifs, the binding interaction between Phe54 of Syt-II 
and aromatic residues Tyr1183, Phe1194, Phe1204 of BoNT/B is the 
strongest, with gas phase and solution phase interaction energy of 
-5.46 kcal/mol and -4.50 kcal/mol, respectively. Significant binding 
strengths are also contributed by π-π stacking interactions between 
Phe47 of Syt-II and aromatic residues Tyr1181, Phe1194, Phe1204 of 
BoNT/B, and those between Phe55 of Syt-II and aromatic residues 
Tyr1183, Phe1204 of BoNT/B, with a solution phase interaction 
energy of -2.40 kcal/mol and -2.11 kcal/mol (see Table I), respectively. 

In contrast, hydrogen bandings and salt bridges make a smaller, 
but still significant contribution to binding. The salt bridges between 
Glu57 of Syt-II and Lys1113 of BoNT/B has a large gas phase 
MP2/6-31+G* interaction energy of -120.25 kcal/mol. However, 
when dehydration energy is taken into consideration, solution 
phase interaction energy of only -1.08 kcal/mol remains. Similarly, 
the interaction energies at the MP2 level for salt bridges between 
Glu57 of Syt-II and Lys1192 of BoNT/B and between Lys53 of Syt-
II and Asp1115 of BoNT/B are -1.07 kcal/mol and -0.27 kcal/mol 
after solvation energy correction, respectively. The contribution of 
hydrogen bonding toward the formation of the Syt-II – BoNT/B 
complex ranges from -1.10 kcal/mol for the hydrogen bond between 
the main chain carboxyl oxygen of Glu57 of Syt-II and Lys1192 of 
BoNT/B, to -1.89 kcal/mol for the hydrogen bond between Glu57 of 
Syt-II and Ser1116 of BoNT/B. There is essentially no contribution 
to binding from the hydrogen bond between Lys53 of Syt-II and the 
main chain carboxyl oxygen of Asp1115 of BoNT/B.

Discussion
Since different basis sets were chosen to calculate interaction 

energies for different types of nonbonded interactions, i.e., 6-31+G* for 
all salt-bridge and hydrogen bonding interactions, and 6-31G*(0.25) 

Table II: Intermolecular interaction energies in the hydrophilic interface.

Intermolecular 
pairs

Syt-II HcC of BoNT/B

Glu57 Lys53 
O57

Lys1113 Lys1192 
Ser1116

Asp1115 O1115

-215.07 -220.52 -2.58

Salt bridge

Glu57 Lys1113 -119.54 -120.25 -1.08

Glu57 Lys1192 -107.74 -110.44 -1.07

Lys53 Asp1115 -55.91 -57.66 -0.27
Hydrogen 

bond
O57 (Glu57 
main chain) Lys1192 -14.54 -14.06 -1.10

Glu57 Ser1116 -13.58 -14.63 -1.89

Lys53 O1115 (Asp1115 
main chain) -19.33 -20.41 0.31

a. Gas-phase intermolecular interaction energies (in kcal/mol) at the MP2/6-
31+G* level               and HF/6-31+G* level         are corrected for BSSE.
b. Solution phase interaction energies (in kcal/mol) are estimated by applying the 
SM5.42R model of Cramer and Truhlar at the HF/6-31+G* level.

a(kcal/mol)

g
HFE∆ 2

a(kcal/mol)

g
MPE∆

b(kcal/mol)

sE∆

2( )g
MPE∆ ( )g

HFE∆
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for π-π stacking and CH-π interactions, one important issue to 
address is the basis set dependence of our results. Although the large 
system size of the entire interface limited our adoption of a large basis 
set, it was computationally feasible to employ the 6-311++G** basis 
set for the decomposition analysis calculation (i.e., the second set of 
calculations above). For comparison, two representative pairs for 
the respective types of intermolecular interactions were analyzed for 
basis set dependence: the hydrogen bond between Glu57 of Syt-II and 
Ser1116 of BoNT/B, and π-π stacking interactions between Phe47 of 
Syt-II and aromatic residues Tyr1181, Phe1194, Phe1204 of BoNT/B. 
The MP2/6-311++G** calculations yielded a gas phase interaction 
energy (

        
) of -14.74 kcal/mol for the former and -3.51 kcal/

mol for the latter. Those are nearly the same as the corresponding 
results obtained by the MP2/6-31+G* calculation (-14.63kcal/mol) 
for the hydrogen bond and the MP2/6-31G*(0.25) calculation for 
π-π stacking interactions (-3.29 kcal/mol) as listed in Tables I and 
II. This comparative analysis of basis set dependence indicates that 
our choice of 6-31+G* for calculation of salt-bridge and hydrogen 
bonding interactions, and the 6-31G*(0.25) for π-π stacking and 
CH-π interactions are adequate. That is not unexpected since our 
choice of basis set was based on the physical nature of intermolecular 
interactions.

The results of our calculations presented above clearly point 
out π-π stacking interactions among aromatic residues as the major 
molecular determinants for recognition of cell surface receptor Syt-
II by the botulinum neurotoxin BoNT/B. This finding is in good 
agreement with results of site-directed mutagenesis experiments 

[31,32,55-58]. In [32], Jin et al performed a site-directed mutagenesis 
analysis at or around the toxin-receptor interface between BoNT/B 
and the luminal domain of Syt-II. On the BoNT/B side, when the 
aromatic residues F1194 and F1204 were mutated to Ala, pull-down 
assay using GST–Syt-II wild type as bait showed drastically reduced 
binding. And this reduction of binding was correlated with marked 
reduction of toxicity [32]. On the Syt-II side, it was found that single 
point mutations of aromatic residues F47A, F54A, F55A abolished 
binding with BoNT/B [32]. Similar past and recent site-directed 
mutagenesis experiments re-affirmed the important role played by 
aromatic residues F47, F54 and F55 of Syt-II in binding with BoNT/B, 
as well as the highly homologous BoNT/G [31,56-58]. In particular, 
the latest pull-down assays [55,57] clearly showed that F54A mutant 
of Syt-II had the strongest diminishing effect on binding among the 
three mutants. Figure 6A of [55] revealed that the F54A mutant of the 
protein receptor Syt-II abolished binding with BoNT/B completely 
with and without gangliosides, whereas the binding with BoNT/B 
could be partially recovered to a very small extent by the addition 
of gangliosides for the F47A and F55A mutants. Figure 3 of [57] 
shown directly a 92% (estimated based on the bar chart) reduction of 
binding for the F47A mutant vs a near 100% reduction of binding for 
the F54A and F55A mutants. The fact that aromatic residues on both 
sides of the hydrophobic interface of BoNT/B and Syt-II were crucial 
for achieving toxin binding with the protein receptor provides strong 
support for our findings that aromatic π-π stacking interactions are 
the molecular determinants for binding.

Moreover, the impact of this research will go far beyond an 

Figure 3: Stereo drawing of the synaptotagmin II (Syt-II) helix (colored in gray) binding interfaces with the C-terminal subdomain of the carboxyl-domain of the 
heavy chain (HcC) of BoNT/B (colored in cyan) based on the 2.15 Å resolution x-ray crystal structure of the complex of BoNT/B with Syt-II (PDB ID: 2NM1) [32]. 
The hydrophobic interface consists of residues F47, L50, F54, F55 and I58 of Syt-II and residues W1178, Y1181, Y1183, F1194 and F1204 of HcC from BoNT/B. 
The hydrophilic interface is composed of residues K53 and E57 of Syt-II and residues K1113, D1115, S1116 and K1192 of HcC of BoNT/B. Dash lines indicate 
the closest interacting pairs between Syt-II and HcC of BoNT/B. [This plot is generated with the program PyMOL (34)].

MP2
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understanding of molecular recognition of BoNT/B by Syt-II. As 
stated earlier, botulinum neurotoxins are among the most poisonous 
toxins known to mankind. Molecular recognition of the neurotoxin 
by its cell surface receptor is at the center of its biological function, 
and a profound understanding of the underlying non-bonded 
interactions is required to intervene in a rational way to block the 
action of neurotoxin. On the basis of the aforementioned correlation 
(see above paragraph) between the reduction of binding of mutated 
BoNT/B (F1194A and F1204A) with its protein receptor Syt-II and 
the decreased toxicity of the mutated BoNT/B [32], our findings of π-π 
stacking interactions as the molecular determinants for recognition 
of cell surface receptor Syt-II by BoNT/B has direct implication for 
molecular design of therapeutics. 

As shown in [Figures 2 and 3] both aromatic residues Phe1194 
and Phe1204 of BoNT/B are in close geometric proximity of Phe47 
and Phe54 of Syt-II for strong π-π stacking interactions. In addition, 
Phe1204 of BoNT/B is also in contact with Phe54 of Syt-II. Targeting 
the toxin-protein receptor binding interface, one can design 
competitive inhibitors that block binding of BoNT/B with the protein 
receptor to inhibit the toxic action of BoNT/B. Since π-π stacking 
interactions dominate the interface binding, a natural choice for 
effective inhibitors is aromatic molecules situated at same positions of 
F47, F54, F55 as in the bound complex [31,32]. Given the urgent need 
to combat potential bioterrorism with botulinum neurotoxins [4,59], 
it is hoped that this work will stimulate the bioscience community to 
take immediate action to experiment with such inhibitors.

As a matter of fact, there existed already strong evidence that 
had proven indirectly the validity of the proposed inhibitor design 
strategy. It has been observed that rimabotulinumtoxinB had an 
approximately 10-fold lower potency for the treatment of cervical 
dystonia in human versus mouse [see [56] and references therein]. 
Stormier et al analyzed this species difference at the molecular level, 
and attributed the receptor recognition as the possible origin of the 
observed potency difference. It turned out that human Syt-II is not a 
high affinity receptor for BoNT/B in comparison with mouse Syt-II 
[55,56]. Depicted in [Figure 1(b).] is the sequence alignment between 
human and mouse for the intraluminal domain of Syt-II, of which 
residues 47-60 were known to be associated with toxin-binding [31]. 
As can be seen, the only difference between human and mouse Syt-II 
within the toxin-binding site is that Leu51 of human Syt-II occurs 
in a corresponding position of Phe54 in mouse Syt-II. Accordingly, 
a mouse Syt-II 1–61 F54L mutant that mimics human Syt-II was 
created, and its ability to bind BoNT/B was tested in pull down assays. 
It was found that the Syt-II F54L mutant had diminishing binding 
with BoNT/B, which led to the conclusion that the human Syt-II 
with Leu51 in a corresponding position had a weak binding affinity 
with BoNT/B. It was then argued that drastically impaired receptor 
recognition by BoNT/B was responsible for its decreased potency in 
humans [56]. In light of this argument, it is worth noting that our 
quantum mechanical calculation identified Phe54 of Syt-II as the 
strongest contributor to binding of BoNT/B with Syt-II (see above). 
It is, thus, reasonable to expect that inhibitors consisting of aromatic 
moieties that preferentially target the site occupied by Phe54 of Syt-II 
should hold the greatest promise. For the same reason, sites occupied 
by Phe47 and Phe55 of Syt-II should also be targeted due to their 
substantial strength of interactions with the aromatic residues of 
BoNT/B as calculated in this work (see Table II). Better yet, a single 

inhibitor conjoined by aromatic moieties targeting all three sites 
should also be attempted.

Conclusion
The work resulted in the discovery of multiple modes of molecular 

recognition in the formation of the BoNT/B–Syt-II complex. The 
amphipathic α-helix of the protein receptor Syt-II interacts with 
the neurotoxin BoNT/B by forming two interfaces of binding 
interactions, a hydrophobic interface and a hydrophilic interface, 
for molecular recognition. The hydrophobic interface consists of 
residues Phe47, Leu50, Phe54, Phe55 and Ile58 of Syt-II interacting 
with residues Trp1178, Tyr1181, Tyr1183, Phe1194 and Phe1204 of 
BoNT/B. The hydrophilic interface is composed of residues Lys53 and 
Glu57 of Syt-II interacting with residues Lys1113, Asp1115, Ser1116 
and Lys1192 of BoNT/B. The binding strength of the hydrophobic 
interface was quantified by means of the supermolecular approach at 
the MP2 level with solvation energy correction and compared with 
that of the hydrophilic interface of the BoNT/B – Syt-II complex. 
It was found that the energetic contribution of the hydrophobic 
interface toward binding of BoNT/B with Syt-II (-9.49 kcal/mol) is 
much larger than that of the hydrophilic interface (-2.58 kcal/mol). A 
pair-wise intermolecular interaction analysis was also performed to 
decipher the molecular determinants for recognition of BoNT/B by 
Syt-II. The interest lies in determining which types of interactions are 
used by the protein receptor Syt-II for recognition of BoNT/B, and 
what their relative importance is. It was discovered that π-π stacking 
interactions among aromatic residues act as the major molecular 
determinants for recognition of cell surface receptor Syt-II by the 
botulinum neurotoxin BoNT/B. Our findings are in good agreement 
with results of biophysical and site-directed mutagenesis experiments 
reported in the literature [31,32,55 ,57].
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