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Botulinum neurotoxin B recognizes its protein
receptor with high affinity and specificity
Rongsheng Jin1,2, Andreas Rummel3, Thomas Binz4 & Axel T. Brunger1,2

Botulinum neurotoxins (BoNTs) are produced by Clostridium
botulinum and cause the neuroparalytic syndrome of botulism.
With a lethal dose of 1 ng kg21, they pose a biological hazard to
humans and a serious potential bioweapon threat1. BoNTs bind
with high specificity at neuromuscular junctions and they impair
exocytosis of synaptic vesicles containing acetylcholine through
specific proteolysis of SNAREs (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors), which constitute part of the synaptic vesicle fusion machinery2,3. The molecular
details of the toxin–cell recognition have been elusive. Here we
report the structure of a BoNT in complex with its protein receptor: the receptor-binding domain of botulinum neurotoxin serotype B (BoNT/B) bound to the luminal domain of synaptotagmin
II, determined at 2.15 Å resolution. On binding, a helix is induced
in the luminal domain which binds to a saddle-shaped crevice
on a distal tip of BoNT/B. This crevice is adjacent to the nonoverlapping ganglioside-binding site of BoNT/B. Synaptotagmin
II interacts with BoNT/B with nanomolar affinity, at both neutral
and acidic endosomal pH. Biochemical and neuronal ex vivo studies of structure-based mutations indicate high specificity and
affinity of the interaction, and high selectivity of BoNT/B among
synaptotagmin I and II isoforms. Synergistic binding of both
synaptotagmin and ganglioside imposes geometric restrictions
on the initiation of BoNT/B translocation after endocytosis. Our
results provide the basis for the rational development of preventive vaccines or inhibitors against these neurotoxins.
BoNTs are initially synthesized as a single-chain precursor protein.
After cleavage by clostridial or tissue proteases, the active two-chain
neurotoxin is fully capable of performing neurospecific binding,
receptor-mediated endocytosis, endosomal translocation and target
proteolysis4. Seven structurally and functionally related BoNTs exist,
termed serotypes A to G, which are also related to tetanus neurotoxin
(TeNT). The highly specific and strong binding of BoNTs with their
cell-surface targets involves protein and ganglioside receptors that
specifically localize to the neuronal plasma membrane5. At present,
the only protein receptors to have been identified are synaptotagmin I
(Syt-I) and synaptotagmin II (Syt-II) for both BoNT/B and BoNT/G,
and synaptic vesicle protein SV2 (isoforms A, B and C) for BoNT/
A6–10. Synaptotagmins are a family of transmembrane proteins that
trigger Ca21-dependent neurotransmitter release. Syt-I and Syt-II are
essential for synaptic transmission in neuromuscular junctions11.
Both BoNT/B and BoNT/G exploit the luminal domains of Syt-I
and Syt-II when they are temporarily exposed on the cell surface as
a result of exocytosis, and the toxin–receptor complexes are then taken
up by neurons through the recycling of secretory vesicles. Although
ganglioside-binding sites have been identified for some BoNTs12–14,
the protein-receptor-binding sites have been unknown up to now.

The carboxy-terminal domain of the heavy chain of BoNT/B
(referred to as HCB) is responsible for specific binding with the
luminal domains of Syt-I and Syt-II (ref. 6). To facilitate crystallization, we designed a fusion protein between HCB (residues 858–1291)
and Syt-II (8–61) (referred to as HCB–Syt-II; Supplementary Fig. 1a).
We validated the biological relevance of this strategy by a series of
biochemical and cell-based studies. First, the fusion protein (HCB–
Syt-II) is monodisperse and monomeric in solution, thus ruling out
the existence of a trans-complex that might complicate crystallization
(Supplementary Fig. 1b). Second, a fusion construct between Syt-II
(8–61) and full-length BoNT/B no longer interacts with free Syt-II
(1–61) and its toxicity is decreased more than tenfold, suggesting that
the Syt-II-binding site on BoNT/B is occupied in the fusion protein
(Supplementary Fig. 1c, d). Third, structure-based mutagenesis studies based on HCB or full-length BoNT/B confirmed the importance of
interacting residues for binding affinity and toxicity (described
below). Taken together, these data show that the covalently linked
Syt-II forms a cis-complex with BoNT/B that faithfully represents the
binary complex.
The structure of the complex between BoNT/B and Syt-II was
determined to a minimum Bragg spacing of dmin 5 2.15 Å by molecular replacement with the structure of HCB (Protein Data Bank code
1Z0H) as the search model15 (Supplementary Table 1). A difference
electron-density map allowed unambiguous assignment of Syt-II
residues 44–60, which are structured in the complex (Fig. 1a). This
is consistent with the previous finding that residues 40–60 of Syt-II
comprise a minimal BoNT/B-binding domain9. Residues 8–43 of
Syt-II and the linker were not visible, probably as a result of conformational variability. The C terminus of HCB is relatively close to the
observed residue Glu 44 of Syt-II (about 41 Å; Fig. 1b), with the linker
and Syt-II residues 8–43 providing a sufficient number of residues to
connect the termini. Many possible paths between the termini are
unobstructed by crystal packing, including those in a second structure we obtained in a different crystal form with a different packing
arrangement at 3.2 Å resolution (not shown). We conclude that the
linker does not affect the structure of the complex.
The luminal domain of Syt-II is unstructured in solution (Fig. 1d).
On binding to HCB, residues Glu 44 to Lys 60 become structured,
with residues Phe 47 to Ile 58 forming an a-helix (Fig. 1a, b). Syt-II
binds at the distal tip of the C-terminal domain of HCB, in a saddleshaped crevice on the surface formed by eight b-strands and four
intervening loops. The strand that forms the base of the crevice is
parallel to the Syt-II helix (Fig. 1b). The extensive intermolecular
interface buries a solvent-accessible surface area of about 1,200 Å2,
involving mostly hydrophobic residues, with two pronounced pockets on the surface of HCB (Fig. 2, and Supplementary Fig. 2). In
addition, HCB residues Lys 1113, Ser 1116 and Lys 1192 form salt
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for the HCB–Syt-II interaction is about 2326 cal mol21 K21, which is
consistent with a protein–protein interaction driven by the hydrophobic effect16,17. ITC titration at pH 5.7, mimicking the acidic
endosomal environment, produced no change on assembly thermodynamics, indicating that the pH change associated with toxin
internalization is unlikely to affect the binding of BoNT/B to its protein receptor (Supplementary Fig. 3b and Supplementary Table 2).
To study the specificity of the BoNT/B–Syt-II interaction, we performed structure-based mutagenesis studies both in vitro and in a
neuronal assay. Point mutations were introduced in HCB or Syt-II at
or around the toxin–receptor interface. None of the HCB single-site
mutations caused an effect on protein folding and stability as verified
by far-ultraviolet circular dichroism spectroscopy and thermal denaturation experiments. Most of the mutations in HCB (V1118D,
K1192E, F1194A, A1196K and F1204A) and in Syt-II (F47A, F54A,
F55A and E57K) greatly decrease binding affinity (Fig. 3a, d), which is
consistent with the significance of these residues for the HCB–Syt-II
interaction (Fig. 2). The relatively minor contribution of Met 46 and
Leu 50 of Syt-II to the affinity is consistent with their locations at the
periphery of the interface. The mutation of a residue located on the
opposite side of the toxin–receptor interface, Syt-II-N59H, behaves
similarly to the wild type. HCB-S1199Y shows enhanced binding to
Syt-II, perhaps as a result of a p-stacking interaction between
Tyr 1199 of HCB and Phe 47 of Syt-II.
We further examined the effects of the mutants in BoNT/B on
physiological function—that is, toxicity—by using recombinant
full-length single-chain BoNT/B applied at the mouse phrenic
nerve6,18 (Fig. 3b). The decrease in toxicity is marked (up to about
1,000-fold) for all mutations that reduce the interaction as shown by
the pull-down experiments. The effect is comparable to or larger than
that observed for mutations in the ganglioside-binding site14. It is
remarkable that single-site mutants at the BoNT/B–Syt-II interface
significantly attenuate the BoNT/B toxicity, suggesting that this protein–protein interface can be a target for the development of therapeutics to block the action of BoNT/B.
Syt-II alone is sufficient to mediate the binding and entry of BoNT/
B into nerve cells, whereas Syt-I acts in a ganglioside-dependent
manner9, even though Syt-I and Syt-II are very similar in both primary sequence and function19. Furthermore, the dissociation constant
(Kd) between HCB and the luminal domain of Syt-I is at least two
orders of magnitude larger than that between HCB and the luminal
domain of Syt-II (ITC data not shown). Residues of Syt that interact
with HCB are conserved in both Syt-I and Syt-II isoforms, except for
Met 46, Phe 55 and Ile 58 (Fig. 3c). Because Met 46 of Syt-II contributes little to BoNT/B binding, we introduced Syt-II-like side chains
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Figure 1 | Structure of the HCB–Syt-II complex. a, sA-weighted Fo 2 Fc
electron-density map (contoured at 1.5s) around Syt-II, overlaid with the
final refined model (red and green, Syt-II; grey, HCB). This map is modelbias free because it is calculated from the phases of the atomic model before
the inclusion of the Syt-II peptide (using a lower-resolution diffraction data
set to 2.6 Å). At this stage, the Rwork and Rfree values were 26.1% and 31.6%,
respectively. b, Structure of the complex between HCB (pink and gold) and
Syt-II (red). c, Titration of GST–Syt-II (1–61) into HCB by ITC at 20 uC
and pH 7.5. N 5 1.1; Ka 5 2.64 3 107 M21; DH 5 26,890 cal mol21;
DS 5 10.4 cal mol21 K21. d, Far-ultraviolet circular dichroism spectra of the
luminal domain of Syt-II (1–61).

bridges with residue Glu 57 of Syt-II. The structure of Syt-II-bound
HCB is very similar to that of the apo state with an overall root-meansquare deviation of 0.73 Å (ref. 15), with the notable exception of
HCB residues Glu 1191, Tyr 1183 and Phe 1204, which undergo significant rotamer changes on binding.
We measured the thermodynamics of the assembly of the HCB–
Syt-II complex in solution by using isothermal titration calorimetry
(ITC). The tight binding of HCB to Syt-II (average Kd < 34 nM) is
stoichiometric (about 1:1), endothermic (average DH < 27.4 kcal
mol21; 1 cal < 4.18 J) and entropy driven (average DS < 9.0 cal mol21
K21) (Fig. 1c, and Supplementary Table 2). The heat capacity (DCp)
a

b

Figure 2 | The HCB–Syt-II complex is stabilized by extensive
intermolecular interactions involving two pronounced pockets on the HCB
surface. a, Pocket formed by HCB residues Pro 1117, Trp 1178, Tyr 1181,
Phe 1194, Ala 1196, Pro 1197 and Phe 1204, to which Syt-II residues Met 46,
Phe 47 and Leu 50 bind. b, Pocket formed by HCB residues Lys 1113,

Ser 1116, Pro 1117, Val 1118, Tyr 1183, Glu 1191, Lys 1192, Phe 1194 and
Phe 1204. Four Syt-II residues, Phe 54, Phe 55, Glu 57 and Ile 58 interact with
this pocket. The complex of Syt-II (red) with HCB (grey) is oriented similarly
to that shown in Fig. 1a. Key residues are in ball-and-stick representation.
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Figure 3 | Site-directed mutagenesis analysis of the toxin-receptor binding
site in BoNT/B and in the luminal domains of Syt-I and Syt-II. a, Pull-down
assay using GST–Syt-II wild type as bait in the presence of mixed
ganglioside/Triton X-100 micelles shows drastically reduced binding of
various HCB single-site mutants. b, The corresponding single-site mutations
in recombinant full-length single-chain BoNT/B confirm the drastic
decrease in toxicity employing the mouse phrenic nerve as an ex vivo system.
Results are plotted on a logarithmic scale. c, Sequence alignment of the

membrane-proximal 22 amino acids of the luminal domain of rat Syt-I and
Syt-II. The non-conserved residues are shown in black. Mutated residues of
Syt-I and Syt-II are indicated with blue dots and red dots, respectively.
d, Pull-down assay with HCB wild-type and mutants of GST–Syt-II (1–61)
(filled columns) and GST–Syt-I (1–53) (open columns) as bait in the
presence of mixed ganglioside/Triton X-100 micelles shows the crucial role
of Phe 47, Phe 54, Phe 55 and Glu 57 in Syt-II. Values in a, b and d are
means 6 s.d.

into Syt-I at the equivalent positions of residues 55 and 58. The
double mutation (M47F/L50I) converts Syt-I into a Syt-II-like
high-affinity receptor (Fig. 3d). The three BoNT/B residues
(Glu 1191, Tyr 1183 and Phe 1204) that undergo rotamer changes
on receptor binding are part of the pocket that interacts with these
two Syt residues (Fig. 2b), indicating that this pocket of BoNT/B
might have the key function in determining the protein-receptorbinding specificity.
Our results have implications for the function of BoNT/G, the
closest homologue to BoNT/B, especially considering that the SytII-binding site is mostly conserved in BoNT/B and BoNT/G
(Supplementary Fig. 4). BoNT/G also binds to the membrane-proximal region of Syt-I and Syt-II (ref. 6). Mutations of some of the
BoNT/G residues that are equivalent to the Syt-interacting residues
on BoNT/B significantly decrease the binding affinities between Syt-I
and Syt-II and BoNT/G (ref. 20).
The two-receptor hypothesis for BoNTs was first proposed 20
years ago21, although the relationship between these two receptors
has been unclear. We now find that Syt-II and ganglioside occupy

two adjacent but non-overlapping binding sites12–14 (Fig. 4). The
glucose of sialyllactose and the C terminus of the Syt-II luminal
domain both point towards the membrane (Fig. 4). Sialyllactose
(up to 12 mM) did not show a measurable effect on the binding
between HCB and the luminal domain of Syt-I as examined by ITC
(data not shown). Deletion of the transmembrane domain of Syt-I
abolishes ganglioside-dependent binding22. Thus, gangliosides do
not enhance BoNT/B–Syt-I binding in an allosteric manner.
However, the two receptors act synergistically in the context of
the membrane because the dissociation constant between HCB
and the luminal domain of Syt in solution is more than 100-fold
larger than that measured between BoNT/B and the full-length Syt
(including the transmembrane region) in the presence of gangliosides and micelles7. Nevertheless, the interactions may be different
for other members of the clostridial neurotoxin family because two
carbohydrate-binding sites in the C-terminal part of the HC fragment
of TeNT are required for its function23. These different mechanisms
of cell recognition probably cause their different targeting and sorting in peripheral neurons.
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Figure 4 | Simultaneous binding with membrane-anchored Syt-II and
ganglioside imposes geometric restrictions on how BoNT/B binds to the
membrane surface. a, Proposed binding mode of BoNT/B on the membrane
surface. The structure of a sialyllactose-bound BoNT/B (PDB code 1F31)
was superimposed on the complex of HCB–Syt-II by using the coordinates of

the HC fragment for the alignment. The light chain (LC), the N-terminal part
of the heavy chain (HN), and the C-terminal domain of the heavy chain (HC)
are shown in pink, green and gold, respectively. b, A close-up view of the
proposed interface between BoNT/B and membrane. Four lysine residues
that are conserved in Syt-I and Syt-II are coloured blue.
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For BoNTs, a proper orientation on the membrane surface is
important for efficient endocytosis and subsequent translocation of
the light chain to the cytosol24,25. The simultaneous attachment of Syt
and ganglioside imposes geometric restrictions on the position of
BoNT/B with respect to the membrane surface (Fig. 4). The two
mostly negatively charged molecular surfaces, which remain negatively charged even at luminal pH26,27, further restrict the orientation of BoNT/B on the membrane surface (Supplementary Fig. 5a,
b). In addition, four solvent-exposed lysine residues (Lys 49, Lys 51,
Lys 53 and Lys 60) are conserved in both Syt-I and Syt-II (Fig. 3c) and
might interact with the phospholipid headgroup region. BoNT/B
probably adopts a similar binding mode on the membrane after
the initiation of endosomal translocation, because the binding affinity between HCB and the isolated Syt-II is independent of pH.
Given the safety concern about the currently used equine antitoxin
therapy and the scarcity of the toxoid1, effective binding inhibitors or
vaccines are urgently needed against botulism. Our results are a step
towards the development of safer vaccines, for example by using
recombinant BoNT/B with structure-based mutations in the critical
protein-receptor-binding site. The structure of the complex could
also be used as a starting point for pharmacological inhibitor design.
METHODS
Detailed methods are provided in the Supplementary Information. In brief, the
HCB–Syt-II fusion protein was obtained from the HC fragment of BoNT/B (HCB,
residues 858–1291) and the luminal domain of rat Syt-II (residues 8–61), connected by a 15-residue linker (PPTPGSAWSHPQFEK) including a Strep-tag
(Supplementary Fig. 1a). Crystals were grown at 20 uC by vapour diffusion in
two conditions: first, 13% polyethylene glycol (PEG) 6,000 and 0.1 M HEPES
pH 7.0, and second, 0.8 M sodium citrate pH 6.5. The PEG condition yielded
higher-quality crystals that diffracted to dmin 5 2.15 Å. This crystal form adopts
space group P212121, with unit cell dimensions a 5 55.8 Å, b 5 97.5 Å,
c 5 113.6 Å, and one HCB–Syt-II complex in the asymmetric unit. The structure
of the HCB–Syt-II complex was solved by molecular replacement with HCB as the
search model (PDB code 1Z0H) using Phaser28. The structure was built with the
use of COOT29 and refined to final Rwork 5 19.9% and Rfree 5 24.5% at 2.15 Å
resolution with CNS30. The interactions between wild-type Syt-II and HCB
mutants, Syt-II mutants and wild-type HCB, or Syt-I mutants and wild-type
HCB, were examined by a glutathione S-transferase (GST) pull-down assay.
ITC experiments were conducted between HCB and GST–Syt-II or Syt-II alone.
Titrations were performed at different temperatures, protein concentrations and
pH values. All HCB mutations were further incorporated into full-length BoNT/
B and the toxicities were determined by a mouse phrenic nerve toxicity assay18.
The measured paralytic half-times were converted to toxicities against the corresponding wild-type BoNT/B.
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