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ABSTRACT: The botulinum neurotoxins (BoNTs) are the most potent protein toxins for humans. There are
seven serotypes of BoNTs (A-G) based on a lack of cross antiserum neutralization. BoNTs utilize
gangliosides as components of the host receptors for binding and entry into neurons. Members of BoNT/
C and BoNT/D serotypes include mosaic toxins that are organized in D/C and C/D toxins. One D/C mosaic
toxin, BoNT/D-South Africa (BoNT/D-SA), was not fully neutralized by immunization with BoNT serotype
C or D, which stimulated this study. Here the crystal structures of the receptor binding domains of BoNT/C,
BoNT/D, and BoNT/D-SA are presented. Biochemical and cell binding studies show that BoNT/C and
BoNT/D-SA possess unique mechanisms for ganglioside binding. These studies provide new information
about how the BoNTs can enter host cells as well as a basis for understanding the immunological diversity of
these neurotoxins.

Botulinum neurotoxins (BoNTs)1 are the most toxic proteins
for humans (1). BoNTs are categorized into seven serotypes
(A-G) based on neutralization characteristics where antiserum
to one serotype will neutralize that serotype but not the other six
serotypes. BoNTs are synthesized as 150 kDaproteins that possess
AB structure-function organization, where A and B refer to
individual domains within a protein toxin (2, 3). BoNTs are
cleaved by bacterial or host proteases into the two subunits, a
light chain (LC,A for the activity domain) and a heavy chain (HC,
B for the binding domain), that are linked by a disulfide bond (4).
The LC has a mass of ∼50 kDa and possesses zinc-dependent
protease activity (5), while the HC has a mass of ∼100 kDa and
contains a receptor binding domain (HCR) and a translocation
domain (HCT). The HCT is primarily R-helical with a disordered
“belt” that wraps around the LC which may serve as a protease
chaperone (6). TheHCRcomprises two structural subdomains, an
N-terminal jellyrollmotif and aC-terminalβ-trefoil conformation.

BoNTs utilize dual receptors for entry into neurons (7). Upon
delivery to a cholinergic nerve terminus, BoNT HCRs bind a

ganglioside (8), which localizes BoNT to the neuronal plasma
membrane. BoNTs then interact with a protein receptor to faci-
litate internalization. Host proteins that serve as BoNT receptors
include the synaptic vesicle proteins, such as synaptic vesicle
protein 2 (SV2) for BoNT/A, -E, and -F and synaptotagmin I/II
for BoNT/B and -G (9-13). The host protein receptors for
BoNT/C and BoNT/D remain to be determined. BoNT sero-
types A, B, and E-G are internalized through synaptic vesicle
recycling (7). How BoNT/C and -D enter neurons is not known.
Upon acidification, the HCT inserts into the synaptic vesicle
membrane and translocates the LC across the vesicle membrane
into the cytosol where the LC (14, 15) dissociates from the HC
(16). BoNT LCs are zinc proteases that cleave neuronal soluble
N-ethylmaleimide sensitive factor attachment protein receptor
(SNARE) proteins. BoNT/A and -E cleave SNAP25. BoNT/B,
-D, -F, and-G cleave synaptobrevin-2/vesicle associated mem-
brane protein-2 (Syb-2/VAMP-2). BoNT/C cleaves SNAP25 and
syntaxin 1 (17-20). Thus, BoNTs inhibit synaptic vesicle fusion
and subsequent neurotransmitter signaling.

BoNT/C and BoNT/D are not typically associated with
natural human infections (21).While BoNT/Cdoes not appear to
be toxic to humans following ingestion (22), BoNT/C is toxic for
human tissues and cleaves SNAP25 and syntaxin in human
neurons (23). BoNT/C was first isolated in 1922 and was shown
to be responsible for botulism outbreaks that resulted in mass
avian deaths (24-26). Mice deficient in complex ganglioside
synthesis are resistant to BoNT/C toxicity, in agreement with a
direct interaction being observed between BoNT/C and ganglio-
sides GD1b and GT1b (27). Conversely, BoNT/C is not believed
to utilize a synaptic vesicle protein for neuron entry, and high-
affinity binding of BoNT/C to cell lysates is insensitive to
proteinase K (27-29). In contrast, BoNT/D does not bind gang-
liosides but binds derivatives of phosphatidylethanolamine (27).
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In addition to the prototype toxins, BoNT/C and BoNT/D
mosaics (D/C and C/D) exist and include BoNT/D-South Africa
(BoNT/D-SA), a D/C mosaic toxin. Mice immunized with the
BoNT/C HCR were only partially protected from challenge by
BoNT/D-SA, and immunization with the BoNT/D HCR did not
protect mice from BoNT/D-SA challenge (30).

To initiate studies to define why vaccination with HCR/C or
HCR/Ddid not provide complete protection against challenge by
BoNT/D-SA, we determined the crystal structures of BoNT/C,
BoNT/D, and BoNT/D-SA. This allowed identification of a
uniquemechanism for ganglioside binding byBoNT/CandBoNT/
D-SA. In addition, we determined the structure of a mutated form
of HCR/D-SA, W1252A, which has a decreased affinity for gan-
glioside binding.

EXPERIMENTAL PROCEDURES

Materials. Escherichia coli codon-optimized DNAs encoding
the HCR domains of BoNT/C-Stockholm (residues 864-1290),
BoNT/D-1873 (residues 861-1276), and BoNT/D-SouthAfrica-
5995 (residues 867-1285) were synthesized by EZBiolab
(Westfield, IN). Chemicals and reagents were obtained from
Sigma-AldrichCo. (St. Louis,MO), and restriction enzymeswere
purchased from New England Biolabs (Ipswitch) or Invitrogen
(Carlsbad, CA). Sprague-Dawley rat embryonic day 18 cortical
neurons were purchased from Brainbits LLC (Springfield, IL)
and cultured as described by the supplier. Neuronal cell culture
reagents were purchased from Invitrogen.
Expression and Purification of BoNT HCRs. DNA en-

coding HCRs were subcloned into pET-28a (Novagen) which
introduced a 3-FLAG eiptope N-terminal to the HCR. HCRs
were purified fromE. coliBL-21(DE3) cells using three sequential
steps: Ni2þ-nitrilotriacetic acid chromatography, S200-HR gel
filtration chromatography, and DEAE-Sephacryl ion exchange
chromatography. Typical purifications from a 1 L culture yielded
between 5 and 10mg of the HCR.Mutated forms ofHCR/C and
HCR/D-SA were prepared using a Quikchange site-directed
mutagenesis kit (Stratagene).
HCR-Ganglioside Binding Assay. Binding of the HCR to

gangliosides was assessed in a solid phase assay as previously
described (31). Briefly, bovine brain gangliosides (Matreya, LLC)
were stored in dimethyl sulfoxide (20 mg/mL) at-20 �C, diluted
into methanol, and applied to non-protein binding 96-well plates
(CorningCostar catalog no. 3641) at 0.5 or 2.0μg of gangliosides/
well. MeOH was evaporated at room temperature (RT), and
the wells were washed three times with phosphate-buffered saline
(PBS). Plates were blocked with 2% BSA in sodium carbonate
buffer [50 mM Na2CO3 (pH 9.6)] for 1 h. Binding assays were
performed in 100 μL of PBS per well for 2 h at 4 �C containing
the indicatedHCR at 10 nM. The boundHCRwas detected with
anR-FLAGM2monoclonal antibody conjugated to horseradish
peroxidase (HRP, diluted 1/10000, Sigma-Aldrich) and detected
using TMB-Ultra (Pierce Biochemicals) as the substrate. The
reaction was stopped with 1 M H2SO4, and the absorbance at
450 nm was determined using a plate reader (Victor 3 V, Perkin-
Elmer).
HCR-Cell Binding Assays. Primary rat cortical neurons

were plated and cultured in 24-well glass bottom culture dishes
precoated with poly-D-lysine and laminin (Sigma-Aldrich and
Thermo Fisher Scientific, Wyman, MA). Following 10-14 days,
neurons were cooled with two washes in cold PBS and incubated
with a dilution series of the indicatedHCR in neurobasalmedium

for 1 h at 4 �C. Cells were washed and processed for microscopy.
Briefly, fixation in 4% paraformaldehyde in PBS (15 min at RT)
was followed by incubation with 150 mM glycine in PBS.
Nonspecific binding sites were blockedwith 10% fetal calf serum,
2.5% fish skin gelatin (Sigma-Aldrich), 0.1% Triton X-100
(Sigma-Aldrich), and 0.05%Tween 20 (EMDChemicals, Gibbs-
town, NJ) in PBS for 1 h at RT. Cells were incubated overnight
with an R-FLAG M2 mAb (diluted 1/15000, Sigma-Aldrich)
followed by goat R-mouse IgG-488 (diluted 1/500, Invitrogen) in
PBS for 1 h at RT. Followingwashing and fixation, samples were
mounted inAF3 antifade reagent (ElectronMicroscopy Sciences,
Hatfield, PA). Images were captured on an Eclipse TE2000
inverted microscope (Nikon Instruments Inc., Melville, NY)
equippedwith aCFI PlanApoVC60� oil,NA1.4-type objective
and Cool Snap HQ2 camera (Photometrics, Tuscon, AZ). The
average 3xFLAG fluorescence intensity from five random fields
was determined and corrected for background fluorescence by
subtraction of the signal from aminus HCR control sample. The
fluorescence signal was analyzed using MetaMorph (Molecular
Devices, Sunnyvale, CA). Data were presented using GraphPad
Prism (GraphPad Software, Inc., La Jolla, CA) and represent the
average of two independent experiments.
Crystallization and Data Collection. Purified HCR pro-

teins were dialyzed and concentrated to 5 mg/mL in buffer con-
taining 20 mM Tris-HCl (pH 7.6) and 100 mM NaCl. Crystals
were produced by vapor diffusion using a hanging drop contain-
ing 2 μL of a protein solution mixed with 2 μL of a well solution
consisting of 0.1 M MES (pH 6.5), 12% PEG 20K, and 0.5 M
NaCl for HCR/C; 0.1MHepes (pH 7.5), 10% PEG 8K, and 8%
ethylene glycol for HCR/D; 0.1 MMES (pH 6.0), 5% PEG 400,
1.8 M ammonium sulfate, and 250 mM NaCl for HCR/D-SA;
and 0.1 M Hepes (pH 7.5), 4% PEG 400, and 45% ammonium
sulfate for the W1252A mutant of HCR/D-SA (HCR/
D-SA-W1252A). Diffraction data for HCR/D-SA and HCR/
D-SA-W1252Awere collected at 100K at beamline SBC 19ID of
the Advanced Photon Source (Argonne National Laboratory,
Argonne, IL), and data for HCR/C and HCR/D were collected
using an R-AXIS IVþþ instrument with a MicroMax 007
generator at 100 K. HKL2000 (32) was used for data processing.
Data collection and processing statistics for all crystals are
summarized in Table 1.
StructureDetermination andRefinement.The structure of

HCR/D was determined by the molecular replacement method
using MOLREP within the CCP4 (33) program suite and using
the structure of HCR/A [residues 875-1295, PDB entry 3FUO
(13)]. The structure ofHCR/Cwas determinedusingHCR/D, the
structure ofHCR/D-SAwithHCR/C, and the structure ofHCR/
D-SA-W1252A with HCR/D-SA. Initial structures obtained
from the molecular replacement trials were refined using CNS
(34). The refinement procedure consisted of rigid body and
positional refinements followed by a simulated annealing proto-
col. Iterative rounds of positional and temperature factor
refinement were followed by manual fitting and rebuilding
using TURBO-FRODO (35) with 2|Fo| - |Fc| and |Fo| - |Fc|
difference Fourier maps. At later stages of refinement, water
molecules were assigned where electron densities were greater
than 3σ in the |Fo| - |Fc| map and situated within 3.3 Å of a
potential hydrogen bonding partner. The final models were
completed with Rcrystal and Rfree values of 0.192 and 0.254 for
HCR/C, 0.221 and 0.256 for HCR/D, 0.216 and 0.257 for
HCR/D-SA, and 0.222 and 0.270 for HCR/D-SA-W1252A,
respectively (Table 1).
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RESULTS

Amino Acid Sequence Alignment of BoNT HCR/C,
HCR/D, and HCR/D-SA. The percent amino acid identities
of BoNT/A, BoNT/C, and BoNT/D relative to BoNT/D-SA
are listed in Table 2. BoNT/D-SA is a mosaic neurotoxin
composed of the LC and HCT of BoNT/D and a receptor
binding domain (HCR) that resembles BoNT/C as previously
described (36). The low identity within the C-terminal sub-
domain (62%) relative to the identity between the N-terminal
subdomains (90%) of the respective HCRs of BoNT/D-SA
and BoNT/C indicates genetic drift since the generation of the
mosaic gene. The significance of this divergence was defined by
Smith and co-workers who reported that vaccination with
either HCR/C or HCR/D failed to yield complete protection
against challenge by BoNT/D-SA (30). These observations
stimulated the characterization of the structure-function
properties of the HCRs of BoNT/C, BoNT/D, and BoNT/
D-SA.

Structures of the HCR from BoNT/C, BoNT/D, and
BoNT/D-SA. The crystal structures of HCR/C, HCR/D, and
HCR/D-SA were determined and shown to have an overall
conservation of structure (Figure 1A) among each other as well
as among other serotypes of BoNTs (3, 37-39). The HCRs are
organized with an N-terminal jellyroll motif and a C-terminal
β-trefoil conformation. Overall, the structures of HCR/D-SA
andHCR/Dhave an rmsdof 2.5 Å, andHCR/D-SAandHCR/C
have an rmsd of 0.5 Å. The angle between the N- and C-terminal
subdomains of HCR/D is more obtuse than that observed
between the two subdomains in HCR/C and HCR/D-SA. This
change in angle did not appear to be due to changes in crystal
packing and likely perturbed the calculated rmsd values for the
entire HCR. The calculated rmsd values between the individual
subdomains of HCR/D and HCR/D-SA were determined to be
1.5 Å for the N-terminal domain and 3.6 Å for the C-terminal
domain. When the rmsd was determined between the C-terminal
subdomain of HCR/D and HCR/D-SA excluding loops, the

Table 1: Data Collection and Refinement Statistics

HCR/C

(PDB entry 3N7K)

HCR/D

(PDB entry 3N7J)

HCR/D-SA

(PDB entry 3N7L)

HCR/D-SA-W1252A

(PDB entry 3N7M)

Data Collection

resolution range (Å) 30-2.5/2.54-2.50 30-2.0/2.07-2.0 30-2.0/2.03-2.0 30-2.6/2.69-2.6

total no. of reflections 171070 486972 246215 100450

no. of unique reflections 45896/1679 35231/2793 41661/1610 19457/1861

completeness (%) 90.9/67.5 95.2/77.2 97.4/77.7 99.0/97.1

redundancy 3.7/2.1 13.8/7.3 5.9/4.4 5.2/4.5

I/σ(I) 8.3/1.9 26.8/2.7 18.4/2.6 15.5/2.5

unit cell dimensions

a, b, c (Å) 98.2, 77.4, 107.4 60.0, 94.2, 95.0 57.3, 57.8, 184.2 57.4, 57.8, 184.7

β (deg) 116.36 90 90 90

space group P21 P212121 P212121 P212121
Rsymm 0.105/0.330 0.090/0.497 0.086/0.434 0.098/0.526

Vm (Å3/Da)/solvent content (%) 3.6/65 2.7/52 3.0/58 3.1/58

no. of monomers per asymmetric unit 2 1 1 1

Refinement

Rcrystal/Rfree
a 0.192/0.254b 0.221/0.256 0.216/0.257 0.222/0.270

rmsd for bond lengths (Å) 0.008 0.006 0.006 0.007

rmsd for bond angles (deg) 1.4 1.3 1.4 1.5

no. of protein atoms 6919 3335 3412 3403

no. of water molecules 110 179 169 56

no. of sulfate/glycerol atoms 15/36 5/6

average B factor (Å2)

main chain atoms 30.4 40.9 29.4 39.9

side chain atoms 30.4 43.8 32.0 40.0

water molecules 24.1 46.7 35.4 57.1

sulfate/glycerol molecules 54.6/46.2 38.9

aWithout using Twin-Fraction and Twin-Operator, Rcrystal and Rfree equal 0.221 and 0.276, respectively. bTwin-Operator:-h,-k, hþ l; Twin-Fraction=
0.113.

Table 2: Amino acid Identity of BoNT/C and BoNT/D with BoNT/D-SA

% identity to BoNT/D-SA domainsA

light chain (residues 1-447) translocation (residues 447-866) HCRN (residues 867-1084) HCRC (residues 1085-1285)

BoNT/A1 33 36 36 31

BoNT/C 47 70 90 62

BoNT/D 98 95 50 24

ABoNT/A1Hall ATCC 3502 (5185061), BoNT/C1 Stockholm (D90210YP_398516), and BoNT/DCB16D-1873 (S49407, ZP_04863672) were aligned with
BoNT/D-South Africa (EF378947, S70582). Residues are indicated relative to BoNT/D-SA. Identity was determined by ClustalW2 sequence alignment
algorithm.
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value was found to be 1.8 Å, indicating that the majority of
structural divergence is in the loop regions of the C-terminal
subdomain. The primary divergence of structure within HCR/
D-SA and HCR/C was within the loops of the C-terminal
subdomain, which includes the ganglioside binding pocket that
has been described for several other BoNT serotypes (39).
Structure-Based Alignments of HCR/C, HCR/D, and

HCR/D-SA. The crystal structures were used to construct a
structure-based amino acid sequence alignment (Figure 1B), with
HCR/A andHCR/B as references. C-Terminal, buriedW (W1278
for HCR/D-SA) and F (F1280 for HCR/D-SA) are structurally
conserved among theHCRs and served as a reference point for the
alignment. As the main chain of the HCRs proceeds from the
buriedW-F pair toward theN-terminus, the peptide emerges from
the interior and assumes a helical conformation. This helix

constitutes part of the ganglioside binding pocket (GBP) (Figure 2)
observed for BoNT/A, -B, -E, -F, and -G and comprises several
conserved residues that define the boundaries of the pocket (40).
Y1267 and W1266 of HCR/A are present on the N-terminal side
of the helix and contribute to ganglioside binding, while S1264 in
the vicinity of the helix and E1203 also participate in ganglioside
binding (40). The main chain of the HCRs continues toward the
N-terminal domain and forms a β-hairpin loop that continues
into an antiparallel β-sheet that forms the adjacent side of the
GBP located oppositeW1266 and contains aHwhich participates
in ganglioside binding (H1253 of HCR/A). BoNT/B displays a
GBP structurally identical to that observed in BoNT/A. Interest-
ingly, the β-loop formed by the antiparallel β-strands whichmake
up one side of theGBP is composed of 10 amino acids rather than
a shorter four-residue loop that is present in HCR/A.

FIGURE 1: Crystal structures of HCR/C, HCR/D, and HCR/D-SA. (A) Shown are overlays of the crystal structure of HCR/D-SA (blue) with
HCR/C (left panel, red) (rmsd=0.46) andHCR/D-SA (blue) withHCR/D (right panel, green) (rmsd=2.47). (B) Structure-based alignments of
theC-terminal subdomains ofHCR/C,HCR/D, andHCR/D-SAwithHCR/AandHCR/B shown.β-Strands,R-helices, and loops are numbered
from residue 1095 of HCR/C. Internal W and F (W1278 and F1280 of HCR/D-SA) (highlighted in blue) were conserved among the HCRs and
provided a point of reference for the alignment.Residues within the ganglioside binding domain ofHCR/Aare colored green (E,H, S,W, andY).
Tryptophans within the ganglioside binding loop of HCR/C (W1258) and HCR/D-SA (W1252) are colored pink. A W, located at a different
position in the analogous region of the GBL of HCR/D (W1238), is colored pink. Yellow residues represent conserved amino acids within the
HCRs that have not been associated with ganglioside or receptor binding functions.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100865f&iName=master.img-000.jpg&w=327&h=444
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The crystal structures of HCR/C, HCR/D, and HCR/D-SA
display an overall structural similarity to HCR/A and HCR/B
(Figure 1A) that includes the buried W and F residues where the
main chain proceeds from the interior to an R-helix that is
structurally analogous to the GBP of HCR/A. However, within
this analogous region, neitherHCR/D-SA,HCR/D, norHCR/C
contains the conserved W, S, or H, and the phenolic ring of Y is
oriented away from the pocket. Proceeding from theGBP,HCR/
C,HCR/D, andHCR/D-SA also form β-loops [between β12 and
β13 (see Figure 1B)] similar in size to HCR/B and contain a W
that was determined to contribute to the binding of HCR/C and
HCR/D-SA to gangliosides, as shown below. This loop will be
termed the ganglioside binding loop (GBL) (Figure 3).
Ganglioside Binding by HCR/C and HCR/D-SA. The

ability of the HCRs to bind gangliosides was investigated in a

solid phase binding assay. Previous studies showed that HCR/C
bound GD1b and GT1b (27) . Complex gangliosides were
immobilized in 96-well plates, and 10 nM HCRs were added to
each ganglioside well. HCR/TeNT was used as a control to
demonstrate effective ganglioside immobilization as HCR/TeNT
binds b-series gangliosides with high affinity (41). HCR/C bound
GD1b with the highest affinity, followed by GT1b, GD1a, and
GM1a, while HCR/D-SA displayed a unique binding preference
for GM1a, followed by GD1a with a lower affinity for b-series
gangliosides (Figure 4). Thus, HCR/C and HCR/D-SA have
unique preferences for gangliosides, and the preferred binding of
HCR/D-SA to GM1a is a unique property among the BoNT
serotypes.
Role of Tryptophan within the Ganglioside Binding Loop

(GBL) in HCR/C and HCR/D-SA Binding to Gangliosides.

FIGURE 2: Overlay of the ganglioside binding pocket ofHCR/Awith
the representative residues of HCR/D-SA. HCR/D-SA (blue) is
shown with the following highlighted residues: conserved internal
F1280 and W1282 (gray) and corresponding residues that represent
the ganglioside binding pocket of HCR/A (green). The ganglioside
binding pocket of HCR/A (bottom) and the corresponding region of
HCR/D-SA (top) were expanded and are shown. Residues that
contribute to ganglioside binding of HCR/A (E1203, H1253,
S1264,W1266, andY1267) and corresponding residueswithinHCR/
D-SA that align in space are colored green, with nitrogen and oxygen
atoms colored blue and red, respectively. This alignment indicates the
major determinant of ganglioside binding, a conserved tryptophan
residue present in the ganglioside binding pocket of BoNT/A, -B, -E,
-F, and -G, and TeNT is absent from the structurally analogous
region of HCR/D-SA.

FIGURE 3: Overlay of the ganglioside binding loops of HCR/C,
HCR/D, and HCR/D-SA with the representative loops of HCR/A
and HCR/B. HCR/D-SA (blue, top) is shown with the conserved,
buried F1280 and W1282 (black), and the ganglioside binding loop
(GBL) W1252 indole ring is also shown at the tip of the loop. The
GBL was enlarged, rotated, and shown (lower) aligned with the
structurally analogousβ-hairpin loopsofBoNT/A (purple),BoNT/B
(orange), BoNT/C (red), and BoNT/D (green). HCR/C and/D-SA
loops display a similar overall structural arrangement with the indole
ring of the W residue implicated in ganglioside binding [HCR/C
(W1258) and HCR/D-SA (W1252)] extending away from the HCR
molecule. HCR/D, likeHCR/C and/D-SA, has a tryptophan residue
(W1238) in the β-hairpin loop. However, unlike HCR/C and/D-SA,
the HCR/DW1238 indole ring does not extend away from the HCR
but rather is oriented towardanadjacentβ-hairpin loop.BoNT/Bhas
an extended β-hairpin loop like HCR/C, -D, and -D-SA but lacks a
tryptophan residue. BoNT/A, in contrast, does not have an extended
β-hairpin loop.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100865f&iName=master.img-001.jpg&w=142&h=384
http://pubs.acs.org/action/showImage?doi=10.1021/bi100865f&iName=master.img-002.jpg&w=116&h=352
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Ganglioside binding experiments were conducted to determine
the role of the W within the GBL of HCR/C(W1258A) and
HCR/D-SA(W1252A) for binding of the HCR to GD1b and
GM1a, respectively. Previous studies showed that HCR/C
utilized W1258 for cell binding (42). Gangliosides were immobi-
lized on a 96-well plate, and HCRs and the mutated HCRs were
tested for ganglioside binding affinity. HCR/C bound GD1b in
a dose-dependent manner, while the level of binding of HCR/
C(W1258A) to GD1b was reduced (Figure 5). In a similar
experiment, HCR/D-SA bound GM1a in a dose-dependent
manner, while the level of HCR/D-SA(W1252A) binding was
reduced (Figure 5). These experiments supported the role of the
W within the GBL as contributing to the coordination of
ganglioside binding by HCR/C and HCR/D-SA. The crystal
structure of theGBLofHCR/D-SA(W1252A) is identical to that
of HCR/D-SA (Figure 6), indicating that the W1252A mutation
does not cause structural perturbation to secondary sites on the
HCR.
Role of the Tryptophan within the GBL in HCR/C and

HCR/D-SA Binding to Primary Neurons.W1258 or W1252
within the GBL of HCR/C or HCR/D-SA, respectively, was
tested for its ability to coordinate binding of the HCR to the
plasmamembrane of neurons bymeasuring the binding ofHCRs
to primary cortical neurons at 4 �C. HCR/A did not exhibit
detectable binding to neurons at 4 �C, consistentwith the need for
synaptic vesicle fusion to expose the protein receptor (C. Chen
and J. T. Barbieri, manuscript submitted for publication), SV2,
while HCR/T showed a dose-dependent binding to neurons at
4 �C consistent with HCR/T utilizing gangliosides present in the
outer leaflet of the plasma membrane as receptors for entry into
neurons as previously described (31). Both HCR/C and HCR/
D-SA bound to neurons in a dose-dependentmanner (Figure 7A),
with binding observed over the cell body as well as on extended
appendages. HCR/D-SA had a lower overall fluorescence inten-
sity relative to HCR/C. In contrast, HCR/D did not show
detectable neuron binding above background. Neither HCR/
C(W1258A) nor HCR/D-SA(W1252A) bound neurons above
background. Figure 7B quantifies the dose-dependent binding
pattern of the HCRs. These data indicate HCR/C and HCR/
D-SA bind neurons through receptors localized to the plasma
membrane and that binding is coordinated by the W within the
GBL, while HCR/D did not show detectable binding above that
observed for HCR/A.

DISCUSSION

Structures of HCR/C, HCR/D, and HCR/D-SA. The
crystal structures of HCR/C and HCR/D possess an overall
structural homology with those of other BoNT HCR serotypes,
with the N-terminal subdomain adopting a jellyroll motif and the
C-terminal subdomain composed primarily of loops that are
organized in a β-trefoil conformation. Nuenket et al. recently
reported crystallization of HCR/D-SA; however, no structural
solution was reported (43). In agreement with the primary amino
acid sequence alignment, the structure ofHCR/D-SAdisplayed a
higher degree of structural similarity to the N-terminus of HCR/
C than that of HCR/D. There are limited regions of homology
within the loops of the C-terminal β-trefoil domain of HCR/
D-SA and HCR/C, which is consistent with HCR/C and HCR/
D-SA possessing unique ganglioside binding profiles. While the
contribution of the GBLs of HCR/C and HCR/D-SA to gang-
lioside binding is unique, HCR/B shares a β-loop with the GBLs
of HCR/C and HCR/D-SA (Figure 1B). The β-loop in HCR/B
does not contribute to ganglioside binding and lacks aW; Stevens
and co-workers proposed that the β-loop in HCR/B contributes
to membrane binding through hydrophobic interactions (38).

FIGURE 4: HCR/C and HCR/D-SA binding to complex ganglio-
sides. Wells (96-well plates) were coated with the indicated ganglio-
side (0.5 μg per well in 100 μL of MeOH). Plates were dried, and
10 nMHCR/C, HCR/D-SA, or HCR/T was incubated in 100 μL of
PBS for 1 hat 4 �C.Wellswerewashed, andboundHCRwasdetected
with an anti-FLAG-HRP antibody followed by TMB-Ultra. A450

was determined as the average of three independent experiments.

FIGURE 5: Role of tryptophanwithin the ganglioside binding loop in
HCR/CandHCR/D-SAbinding to complex gangliosides.Wells (96-
well plates) were coated with GD1b (top) or GM1a (bottom) [0.5 μg
(HCR/C) or 2.0μg (HCR-D-SA) perwell in 100μLofMeOH]. Plates
were dried, and 10 nMHCR/C or HCR/C(W1258A) (top) or HCR/
D-SAorHCR/D-SA(W1252A) (bottom) was incubated in 100 μLof
buffer for 1 h at 4 �C. Bound HCR was detected with an M2 anti-
FLAG antibody followed by TMB-Ultra. A450 was determined and
plotted as the average of at least duplicate determinations. The
background absorbance of HCR bound to the well in the absence
of the ganglioside was subtracted to account for nonspecific binding.
No binding above background was detected for HCR/D-SA-
(W1252A) so these values are presented as zero.
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Conversely, the homologous loop in BoNT/A is short, approxi-
mately four amino acid residues, which may preclude the loop
from inserting into the cell membrane.
Ganglioside Binding Pocket. BoNT/A, -B, -E, -F, and -G

contain a ganglioside binding pocket (GBP) (Figure 2) that is
conserved by sequence identity (H...SXWY, except in serotype G
where H is replaced with G and serotype E where H is replaced
with K) and structural alignment (44). In HCR/A, H1253 is
located on the first β-strand (β12) that makes up the final
β-hairpin in the C-terminal domain of the HCR. The peptide
continues through the β-hairpin conformation and turns back
forming an antiparallel β-sheet ending in S1264, followed by a
short R-helix, which contains W1266 and Y1267 (BoNT/A
residue nomenclature). These residues (H1253, S1264, W1266,
andY1267) together with E1203 form a “pocket” for ganglioside
binding. The imidazole ring of H and the indole ring of theW are
perpendicular to each other within the GBP, while the Y and S
form the back wall of the GBP. In a cocrystal structure of BoNT/
A with GT1b, galactose sugar ring 4 of the ganglioside backbone
sat parallel to the indole ring of W and interacted through a
hydrophobic ring stacking mechanism. The interaction was
further stabilized by contacts with E1203, H1253, and S1264.
While the overall main chain organization of the GBP is present
in HCR/C, HCR/D, and HCR/D-SA, the residues that contact
ganglioside have been substituted, precluding ganglioside bind-
ing within the GBP of HCR/C and/D-SA. This conclusion is
based upon the observation that HCR/C(W1258A) and HCR/
D-SA(W1252A) were defective for ganglioside binding (Figure 2).
HCR/C, -D, and -D-SA lacked H, W, and S, and the Y on the
N-terminal side of the R-helix is in a different position relative to
HCR/A with the phenolic ring oriented away from the pocket.
Moreover, the structure and position of theR-helix that defines the
GBP are not conserved in HCR/C and HCR/D-SA relative to
HCR/A.Thus, theGBP inHCR/C,HCR/D-SA, andHCR/Dhas
a different architecture and slightly different location and orienta-
tion compared to those of the GBP of HCR/A.
Ganglioside Binding Loop. Earlier studies showed that

BoNT/Ctoxicitywasdependentoncomplexgangliosides (27,29).
We confirmed the ability of BoNT/C tobind b-series gangliosides
anddemonstrated thatHCR/D-SAboundGM1a.Thus,HCR/C
andHCR/D-SA utilize a unique ganglioside binding loop (GBL)

FIGURE 6: Crystal structure of HCR/D-SA(W1252A). Overlay of
the crystal structures of the C-terminal subdomains (residues
1091-1285) of HCR/D-SA(W1252A) (orange) and HCR/D-SA
(blue). The indole ring (yellow) of W1252 of HCR/D-SA and the
methyl group (pink) of A1252 of HCR/D-SA(W1252A) are also
shown.

FIGURE 7: Binding ofHCR/C,HCR/D, andHCR/D-SA to primary
cortical neurons. Primary cortical neurons were plated and cultured in
24-well glass bottom culture dishes coated with poly-D-lysine and
laminin. Following 10 days of culture, cells were washed and incubated
with a dilution series of the indicated HCR in medium for 1 h at 4 �C.
BoundHCRwas identifiedby immunofluorescencemicroscopyusinga
mouse anti-Flag mAb followed by goat anti-mouse IgG-488. (A)
Representative imagesof the indicatedHCR(40nM)bound toneurons
(left panels) and nuclei stained with Hoechst (right panels) are shown
(60�magnification). Images were captured at identical exposure times
and analyzed using Image J. The scale bar is 35 μm. (B) Quantification
of HCR binding to neurons. The values presented are arbitrary fluo-
rescence units and represent the average FLAG fluorescence intensity
from five random fields following correction for nonspecific fluores-
cence. The average of two independent experiments is shown.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100865f&iName=master.img-005.jpg&w=169&h=161
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(Figure 3) located more than 20 Å from the ganglioside binding
pocket present in other BoNT serotypes. In the structure-based
alignment, HCR/C and HCR/D-SA possess a homologous W
within the GBL. Tsukamoto and colleagues reported that muta-
tion of the W1258 to A weakened the ability of the HCR to
compete with BoNT/C for synaptosome binding (42); here we
show that this W contributes to ganglioside binding.

While eachBoNT serotype contains a loop that corresponds to
the GBL, the loops vary in size and composition. HCR/A has a
β-finger (i.e., a two-residue loop) with several hydrophobic
residues toward the end of the finger followed by the two con-
secutive N residues at the tip of the finger which is exposed to
solvent. On the other hand, HCR/B has a loop more structurally
analogous to that of HCR/C and HCR/D-SA, but lacking a W.
The GBLs of BoNT/C and BoNT/D-SA represent a gain of
function of ganglioside binding with a loss of function at the
prototypical ganglioside binding pocket.

BoNT/C and BoNT/D-SA have different ganglioside specifi-
cities despite structurally similar binding sites. HCR/C interacted
with b-series ganglioside GD1b, while HCR/D-SA preferred
binding to a-series ganglioside GM1a. The neuronal cell binding
experiment supported this observation, since the neuronal plas-
ma membrane is enriched primarily in b-series gangliosides and
has lower levels of a-series gangliosides. As a result, HCR/D-SA
would be expected to have fewer binding sites on primary cortical
neurons than HCR/C or HCR/T. The W within the GBL of
HCR/D is located closer to themain body of theHCR (Figure 3),
which may interfere with the ability to bind gangliosides (42).

The overlap of theW locations within theGBLofHCR/C and
HCR/D-SA indicates that while W is required for ganglioside
binding, this residue does not contribute to specificity. Thus,
other residues within the GBL may contribute to ganglioside
binding specificity. The protein structure of HCR/D-SA-
(W1258A) is unchanged with respect to the wild-type protein
which argues that the W in the GBL contributes directly to
ganglioside binding. HCR/C has two R residues flanking either
side of the loop (R1251 andR1260) andR1253 near theW,which
may provide contacts for sialic acid residues in b-series ganglio-
sides. TheGBL of HCR/D-SA contains an additional D (D1249),
which may repel the sialic acid carboxylates of b-series ganglio-
sides. Further studies will be conducted to determine which re-
sidues make contact with gangliosides and how gangliosides
interact with this novel GBL.

Several other bacterial toxins bind ganglioside receptors but
utilize different mechanisms of binding. For example, the heat-
labile enterotoxins of E. coli as well as cholera toxin also use a
tryptophan residue to coordinate sugar binding, as demonstrated
by structure and mutagenesis studies (45, 46). However, the
binding sites are generated by interactions of two subunits of the
B-pentamer, as opposed to the β-trefoil conformation adopted by
BoNTs and TeNT. The neuraminidase of influenza virus binds
sialic acid by a mechanism lacking a tryptophan residue con-
tact (47). In addition, the eukaryotic lectins have been described,
including ricin toxin, Sambucus nigra agglutinin II, EW29 from
the earthworm Lumbricus terrestris, and hemolytic lectin CEL-
III from Cucumaria echinata (48, 49). These proteins utilize a
β-trefoil domain to bind carbohydrates. These proteins contain
multiple carbohydrate binding sites, some of which use trypto-
phan residues to coordinate sugars, while other sites are coordi-
nated using charged residues that can stack with a tyrosine
residue. Thus, the botulinum toxins and tetanus toxin are uni-
que prokaryotic proteins that use a β-trefoil domain and a

tryptophan residue to bind gangliosides, which have a binding
strategy similar to that of the eukaryotic lectins.
Structure of HCR/D-SA and Vaccine Properties. BoNTs

are categoryA select agents because of their extreme potency and
duration of paralysis in humans. Though not associated with
natural human intoxication, BoNT/C and BoNT/D are toxic in
mammalian neuronal tissue (50) and BoNT/C causes paralysis in
human neuromuscular preparations (23) and has been implicated
as an agent for human therapy (51). In addition, there is interest
in developing a multiserotype vaccine capable of neutralizing all
BoNT serotypes. Traditional vaccination strategies use formal-
dehyde-inactivated BoNT, where toxicity is eliminated, but
immunogenicity is retained (30). An alternative vaccine strategy
utilizes immunizationwith recombinantHCRs. The recombinant
HCRs can be produced in large quantities and are free of
neurotoxin contamination. Mice immunized with a cocktail of
HCR domains of the seven prototypical serotypes (HCR/A-G)
were resistant to challenge by each neurotoxin (BoNT/A-G),
demonstrating the efficacy of this strategy (52). In addition,
antisera from mice immunized with the hepta-serotype HCR
vaccine blocked binding of HCRs to gangliosides in vitro (41).
These studies indicate neutralizing antibodies interfere with
receptor recognition. Atassi and colleagues utilized a peptide
array and identified immune reactive epitopes adjacent to the
ganglioside and protein receptor binding regions of the HCR
domain (53, 54). Interestingly, antibodies were not detected that
were directed against the GBP, which suggests that the ganglio-
side pocket does not represent an efficient neutralization site. One
caveat to this interpretation is that neutralizing epitopes may be
composed of discontinuous segments of the peptide chain that
become juxtaposed following protein folding which would pre-
clude detection by peptide array analysis.

Unlike the ganglioside binding pocket, the GBL of BoNT/C
and BoNT/D-SA is a β-hairpin loop that protrudes from the
HCR. The lack of cross protection observed by mice immunized
with HCR/C upon challenge with BoNT/D-SA indicates the
neutralizing epitopes are not conserved between these two BoNT
subtypes, and thus, the β-loopmay be a potential site for eliciting
serotype specific neutralizing antibodies. Consistent with this
region contributing to immune stimulation is the recent observa-
tion by Fairweather and co-workers, who reported that deletion
of the GBL homologous region of HCR/TeNT reduced the
capacity to elicit a neutralizing immune response (55). Studies are
underway to determine the role of the GBL in eliciting a pro-
tective response against botulism.
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