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Background: How botulinum neurotoxin serotype C (BoNT/C) enters neurons is unclear.

Results: BoNT/C utilizes dual gangliosides as host cell receptors.

Conclusion: BONT/C accesses gangliosides on the plasma membrane.

Significance: Plasma membrane accessibility of the dual ganglioside receptors suggests synaptic vesicle exocytosis may not be

necessary to expose BONT/C receptors.

Botulinum neurotoxins (BoNTs) cleave SNARE proteins in
motor neurons that inhibits synaptic vesicle (SV) exocytosis,
resulting in flaccid paralysis. There are seven BoNT serotypes
(A-Q). In current models, BoNTs initially bind gangliosides on
resting neurons and upon SV exocytosis associate with the lumi-
nal domains of SV-associated proteins as a second receptor. The
entry of BoNT/C is less clear. Characterizing the heavy chain
receptor binding domain (HCR), BoNT/C was shown to utilize
gangliosides as dual host receptors. Crystallographic and bio-
chemical studies showed that the two ganglioside binding sites,
termed GBP2 and Sia-1, were independent and utilized unique
mechanisms to bind complex gangliosides. The GBP2 binding
site recognized gangliosides that contained a sia5 sialic acid,
whereas the Sia-1 binding site recognized gangliosides that con-
tained a sia7 sialic acid and sugars within the backbone of the
ganglioside. Utilizing gangliosides that uniquely recognized the
GBP2 and Sia-1 binding sites, HCR/C entry into Neuro-2A cells
required both functional ganglioside binding sites. HCR/C
entered cells differently than the HCR of tetanus toxin, which
also utilizes dual gangliosides as host receptors. A point-mu-
tated HCR/C that lacked GBP2 binding potential retained the
ability to bind and enter Neuro-2A cells. This showed that gan-
glioside binding at the Sia-1 site was accessible on the plasma
membrane, suggesting that SV exocytosis may not be required
to expose BoNT/C receptors. These studies highlight the utility
of BONT HCRs as probes to study the role of gangliosides in
neurotransmission.
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Botulinum neurotoxins (BoNTs)* intoxicate a-motor neu-
rons at the neuromuscular junction to elicit flaccid paralysis (1).
There are seven BoNT serotypes (A—G); BoONT/A, B, E, and F
are associated with human botulism, whereas BoNT/C and D
are associated with animal botulism. A phenomenon observed
within the BoONT/C and D family is the presence of naturally
arising chimeric and mosaic toxins in addition to the prototyp-
ical serotypes (2). One mosaic toxin, BONT/D-C is a combina-
tion of BoNT/C and BoNT/D with functional and antigenic
properties that are similar but also unique relative to the paren-
tal neurotoxins (3—6). BoNTs are the most toxic proteins for
humans and are category A select agents. Although historically
limited to animal botulism, members of the BoNT/C and D
family are toxic to non-human primates and may have potential
therapeutic applications, justifying continued research efforts
(7).

BoNTs, initially produced and secreted as a single polypep-
tide, are then processed proteolytically into di-chain proteins
with AB structure-function organization. The N-terminal light
chain (LC) (the A domain) is linked by a disulfide bond to the
C-terminal heavy chain (HC) (the B domain). LC comprises a
zinc protease that cleaves SNARE proteins, whereas the HC
comprises two independent functional domains: the transloca-
tion domain (HCT) and the receptor binding domain (HCR)
(8). BONT neurotropism is attributed to the preferred affinity
for neurons and the cleavage of neuron-specific SNARE
proteins.

BoNTs enter neurons by a dual host receptor mechanism (9).
For BoNT serotypes that have defined receptors, the dual
receptors are a ganglioside and a synaptic vesicle (SV)-associ-
ated protein (10). The current model for BONT entry involves
the initial binding to gangliosides on resting neurons and then,
upon SV exocytosis, association with a luminal domain of a
SV-associated protein. Upon internalization, the lumen of the
SV acidifies to trigger translocation of the LC into the cytosol
followed by cleaving SNARE proteins (11). SNARE proteins are

“The abbreviations used are: BoNT, botulinum neurotoxin; LC, light chain;
HC, heavy chain; HCR, HC receptor binding domain; SV, synaptic vesicle;
TeNT, tetanus toxin; GBP, ganglioside binding pocket; SRS, second recep-
tor binding site; GBL, ganglioside binding loop: N2A, Neuro-2A; PDB, Pro-
tein Data Bank.
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transmembrane proteins located on the plasma membrane and
SVs (12). LC/A, C, and E cleave SNAP25 at unique sites; LC/C
also cleaves syntaxin. LC/B, D, F, and G and tetanus toxin
(TeNT) cleave synaptobrevin 2 (Syb2, also called VAMP2) at
unique sites. LC/B and LC/TeNT cleave the same site on
VAMP2. This shows the importance of intracellular trafficking
in eliciting the unique pathologies of botulism and tetanus (13,
14). SNARE protein cleavage in peripheral motor neurons dis-
rupts SV fusion to the plasma membrane and subsequent neu-
rotransmitter release, inhibiting muscle contraction at the neu-
romuscular junction (14).

The BoNT HCR contains the binding sites for ganglioside
and SV protein receptor (15, 16). Gangliosides are glycosphin-
golipids with the ceramide component imbedded in the outer
leaflet of the plasma membrane, whereas the carbohydrate moi-
ety extends into the extracellular space. The composition of the
carbohydrate moiety of complex gangliosides includes a sugar
backbone consisting of glucose, galactose, and N-acetylgalac-
tosamine, with attached sialic acids to varying degrees and posi-
tions. Complex gangliosides are enriched in neuronal tissue (17,
18). Ganglioside binding was initially characterized in TeNT,
which was shown to bind to a shallow pocket within the HCR
that contains a conserved His . . . Ser-X-Trp-Tyr motif (19, 20).
The indole ring of Trp stacks against the hydrophobic face of
the terminal galactose moiety of the ganglioside backbone,
whereas His, located opposite Trp, contacts hydroxyl groups
present on the sugars of the ganglioside backbone. Tyr forms
the back face of the ganglioside binding pocket, whereas Ser
forms hydrogen bonds with sugar hydroxyl groups of the gan-
glioside backbone. This ganglioside binding site is structurally
conserved among TeNT and BoNT/A, B, and F and has been
designated the ganglioside binding pocket (GBP). BONT/E and
G possess the Ser, Trp, and Tyr characteristic of the GBP, but
substitutions for the His residue set these serotypes apart. It is
yet to be determined how the unique contacts in the GBP of
BoNT/E and G influence ganglioside binding.

Resident SV proteins were subsequently identified as the sec-
ond receptor; BONT/A, E, and F binds synaptic vesicle protein 2
(SV2) with differential preference for SV2 isoforms (21-23),
and BoNT/B and G bind synaptotagmin I and II (15, 16, 24).
The crystal structure of HCR/B in complex with the luminal
peptide of synaptotagmin showed that the C-terminal 3-trefoil
domain of HCR/B was lined by hydrophobic residues that con-
tacted the luminal peptide of synaptotagmin, which will be des-
ignated the second receptor binding site (SRS). Less is known
about how BoNT/C associates with host receptors.

An early study found that BoNT/C, but not BONT/D, bound
GD1b and GT1b and that BoONT/C toxicity decreased in gan-
glioside-deficient mice (25). This study concludes that BONT/C
uses gangliosides as functional receptors, whereas BoNT/D
intoxication is ganglioside-independent (25). Subsequent stud-
ies found that BONT/D toxicity is dependent on complex gan-
glioside expression and that both BONT/C and/D utilize a syn-
aptic vesicle-dependent pathway to enter neurons (26 —29).

Recent studies implicate a unique mechanism of ganglioside
binding by BoNT/C and BoNT/D relative to the other BONT
serotypes. Crystal structures of HCR/C, HCR/D, and a D-C
mosaic HCR (HCR/D-C South Africa) show that although the
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overall architecture of the GBP is similar to other BoNT sero-
types, three of the four conserved residues of the GBP (His, Ser,
and Trp) are absent (3). Further analysis has identified a B-hair-
pin loop that contained a Trp residue with HCR/C, HCR/D, and
HCR/D-C South Africa. This B-hairpin loop, which aligns near
the SRS and is required for ganglioside and neuron binding, is
termed the ganglioside binding loop (GBL) (3, 30). Additional
studies have expanded our understanding of how BoNT/C and
BoNT/D bind cells. Strotmeier et al. (28) found that the Trp
within the GBL of BONT/D of is necessary for the expression of
toxicity and that another residue within the GBP (Asp-1233)
also contributes to toxicity, allowing the conclusion that
BoNT/D entry into neurons is dependent on multiple carbohy-
drate interactions. Other studies performed with BONT/C have
arrived at similar conclusions and also found an additional
sialic acid binding site (Sia-1) that overlaps with the synaptotag-
min binding site in BONT/B and BoNT/G that contributes to
toxicity (15, 16, 26, 31). These studies highlight the contribu-
tion of the GBL to BoNT/C and BoNT/D entry and identify two
potential ganglioside binding sites in HCR/C and HCR/D: the
established GBP and the Sia-1 site.

These studies provide a foundation for defining the mecha-
nism of BONT/C entry into neurons. Using a gain-of-function
cell-based assay we confirmed that BoNT/C utilized ganglio-
sides to enter cells and established that the ganglioside binding
pocket bound sia5-containing gangliosides via a Trp-independ-
ent mechanism. This site was designated GBP2 to reflect the
unique contacts mediating ganglioside binding. The previously
identified Sia-1 site was found to bind sia7-containing ganglio-
sides (GD1b > GT1b). Disruption of either ganglioside binding
site ablated HCR/C entry into primary neurons. Unexpectedly,
one HCR/C derivative deficient in GBP2 binding, but with an
intact Sia-1 site, bound and entered Neuro-2A (N2A) cells
enriched with exogenous ganglioside, albeit less efficient than
wild-type HCR/C. These findings provided direct evidence for
the presence of two independent ganglioside binding sites in
HCR/C. Binding two gangliosides as host receptors was unique
to BoNT/C, yet HCR/C entry into neurons was enhanced with
synaptic activity. This suggests the dual receptors for HCR/C
are present on the plasma membrane and that SV exocytosis
may not be necessary to expose BONT/C receptors but rather
may enhance entry because of the compensatory increase in SV
endocytosis following depolarization (32).

EXPERIMENTAL PROCEDURES

Materials—Escherichia coli codon-optimized DNA encod-
ing the HCR domain of BoNT/C-Stockholm (residues 864 —
1290) and BoNT/D-C-5995 (residues 867—1285) were synthe-
sized by EZ Biolab (Westfield, IN). Chemicals and reagents
were obtained from Sigma-Aldrich, and restriction enzymes
were purchased from New England Biolabs (Ipswitch, MA) or
Invitrogen (Carlsbad, CA). Neuro-2A cells (CCL-131) were
purchased from ATCC (Manassas, VA) and cultured as recom-
mended. Cell culture reagents were purchased from Invitrogen.

HCR Expression and Purification—DNA encoding HCRs
were subcloned into pET-28a (EMD Millipore, Billerica, MA),
which introduced a 3-FLAG epitope on the N terminus of the
HCR. HCRs were purified from E. coli BL-21(DE3) cells using
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affinity chromatography. For HCRs used for biochemical char-
acterization, cells were lysed in a detergent-based buffer (B-Per
II) (Thermo Scientific, Rockford, IL) supplemented with bacte-
rial protease inhibitors and DNase/RNase followed by a single-
step purification utilizing Ni*>*-nitrilotriacetic acid spin col-
umns (Qiagen, Valencia, CA). For crystallization, E. coli cells
were lysed by French press followed by three sequential chro-
matography steps: Ni* " -nitrilotriacetic acid resin, $200-HR gel
filtration, and DEAE-Sephacryl ion exchange resin. Typical
purifications from a 1-liter culture yielded between 5 and 10 mg
of HCR.

Molecular Biology of HCR Domain—DNA encoding HCR/C
was mutagenized using a QuikChange site-directed mutagene-
sis kit (Agilent Technologies, Santa Clara, CA). Plasmid DNA
was sequenced to verify the specificity of the mutation. A chi-
meric HCR (HCR/D-C(GBL/C)) was generated by overlap PCR
(33). The PCR fragment was digested with Kpnl and PstI and
subcloned into pET28a. The plasmid was sequenced to verify
DNA manipulation. HCR domains with a 3-HA epitope were
generated for cell-based trafficking studies. The HCR DNA was
digested with Kpnl and Notl and subcloned into a 3-HA expres-
sion vector (34).

HCR-Ganglioside Binding Assay—Gangliosides (Matreya,
Pleasant Gap, PA) were diluted to a stock concentration of 20
mg/ml in DMSO for storage at —20 °C. A final concentration at
20 wg/ml of the indicated ganglioside was prepared in 100 ul of
methanol, added to a nonbinding 96-well plate (Corning Inc.),
and allowed to evaporate overnight. The plate was washed three
times with PBS and blocked with carbonate buffer (50 mm
Na,COg, pH 9.6) plus 2% bovine serum albumin (BSA) for 1 hat
4 °C. Following three washes with PBS, wells were incubated
with the indicated HCR in PBS plus 2% BSA for 1 h at 4 °C.
Bound HCR was detected with a complex of a-FLAG (Sigma)
primary and HRP (Thermo Scientific) secondary antibody for
30 min at 4 °C. The plate was washed three times with PBS and
developed with room temperature 3,3',5,5'-tetramethylben-
zidene (TMB) substrate for 20 min. The reaction was stopped
with 1 M H,SO,,. The plate was read at 450 nm on a plate reader.
The signal detected in a well containing HCR minus ganglioside
was used for nonspecific binding.

HCR Entry into Neuro-2A Cells—Gangliosides were diluted
to the final desired concentration in N2A medium with 0.5%
fetal bovine serum and sonicated for 20 min. Neuro-2A cells
were cultured to confluence on coverslips coated with collagen.
Cells were washed and incubated in untreated medium or with
sonicated ganglioside in N2A medium for 4 h to allow ganglio-
side enrichment of membranes. Cells were washed and incu-
bated with the indicated 3-HA-HCR (40 nm) in PBS for 30 min
at 37 °C. Cells were washed and processed for microscopy.
Briefly, cells were fixed in 4% paraformaldehyde in PBS at room
temperature for 20 min, permeabilized with 4% formaldehyde
plus 0.1% Triton X-100, quenched with glycine in PBS, and
blocked in 10% FBS, 2.5% fish skin gelatin, 0.1% Triton X-100,
and 0.05% Tween 20. Bound HCR and endogenous synapto-
physin were identified by immunofluorescence using a-HA
(Sigma) and a-synaptophysin antibody (Synaptic Systems,
Goettingen, German), respectively. Cells were washed and
incubated with fluorescent secondary antibodies (Invitrogen).

40808 JOURNAL OF BIOLOGICAL CHEMISTRY

Following washes and a final fixation in 4% paraformaldehyde,
the coverslips were mounted with Prolong Gold (Invitrogen).
Images were captured on an Eclipse TE2000 inverted micro-
scope (Nikon Instruments Inc., Melville, NY) equipped with a
CFI Plan Apo VC60 oil, NA1.4-type objective, and Cool Snap
HQ2 camera (Photometrics, Tucson, AZ). MetaMorph image
acquisition software (Molecular Devices, Sunnyvale, CA) was
used. Representative images were pseudo-colored and set to
equivalent brightness and contrast levels using Image] software
(National Institutes of Health, Bethesda, MD).

Microscopy Image Analysis—For quantification of fluores-
cence intensity, exposure times and instrument settings were
consistent between treatments. Three images of similar cell
density and morphology were captured for each treatment.
Images were threshold equivalently, and the arbitrary HCR
intensity was measured using Image]. The average HCR inten-
sity measured in cells without exogenous ganglioside was sub-
tracted from the average HCR intensity in cells enriched with
ganglioside. For cell enumeration, the fluorescence intensity of
GT1b-enriched cells established image threshold conditions
that were applied directly to untreated cells or cells enriched
with other gangliosides; this was done using Image]. Data were
analyzed using Excel (Microsoft, Seattle, WA) and GraphPad
Prism (GraphPad Software, Inc., La Jolla, CA). Statistical signif-
icance was determined using a two-tailed ¢ test.

HCR Entry into Primary Cortical Neurons—Rat E18 cortical
neurons were cultured on poly-p-lysine-coated glass coverslips
in neurobasal medium with 2 mm glutamine and B27 supple-
ment for 10—14 days prior to use. Entry and trafficking of HCRs
in neurons were examined after incubation of 40 nm HCR/A1
or HCR/C in low potassium (15 mm HEPES, 145 mm NaCl, 5.6
mMm KCI, 2.2 mm CaCl, and 0.5 mm MgCl, pH 7.4) or high potas-
sium (15 mm HEPES, 95 mMm NaCl, 56 mm KCI, 2.2 mm CaCl,
and 0.5 mm MgCl, pH 7.4) buffer for 5 min at 37 °C. Cells were
washed with Dulbecco’s phosphate-buffered saline (DPBS),
fixed with 4% (w/v) paraformaldehyde in DPBS, and permeabi-
lized with 4% formaldehyde plus 0.1% Triton X-100 in DPBS.
Cells were incubated with 150 mm glycine in DPBS, washed
with DPBS, and blocked with 10% (v/v) normal goat serum,
2.5% (w/v) cold fish skin gelatin (Sigma), 0.1% Triton-X-100,
and 0.05% Tween-20 in DPBS (blocking solution) for 1 h at
room temperature followed by incubation with rat a-HA anti-
body and guinea pig anti-synaptophysin antibody in 5% (v/v)
normal goat serum, 1% (w/v) cold fish skin gelatin, 0.1% Triton
X-100, and 0.05% Tween-20 in DPBS (antibody solution) over-
night at 4 °C. Cells were washed with DPBS and incubated with
goat a-rat IgG Alexa 488 and goat a-guinea pig IgG Alexa 568
for 1 h at room temperature. Follow the addition of a secondary
antibody, cells were washed, fixed, washed, and mounted using
Citifluor AF-3 (Electron Microscopy Sciences, Hatfield, PA).
Images were captured with a Nikon TE2000 TIRF (total inter-
nal reflection fluorescence) microscope equipped with a CFI
Plan Apo VC 100X oil, NA 1.4-type objective. Image acquisi-
tion and analyses were performed using Nikon Elements, ver-
sion 4.0 (Nikon Instruments). Briefly, the resulting images from
the various HCRs tested were set to equivalent brightness and
contrast levels. The arbitrary fluorescence was then measured.
A minimum of five random fields was captured for each HCR,
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TABLE 1
Data collection and refinement statistics

Numbers in parentheses are values for the highest resolution shell. r.m.s.d., root
mean square deviation.

Crystal (PDB: 4FVV)

HCR/D-C-GBL/C1-Sia

Diffraction data
Resolution range 50-2.70 (2.80-2.70)
(A)
No. total 95,326
reflections
No. unique 31,121 (3,024)
reflections
Completeness (%) 96.4 (95.1)
Redundancy 3.1(3.1)
I/a(]) ) 9.8 (2.0)
Unit cell 4, b, ¢ (A) 82.6,154.3, 181.0
Space group 1222
L 0.113 (0.505)
V., (A*/Da)/solvent 2.9/56

content (%)
Monomers in an 2
asymmetric unit

Refinement

Ryl Rie 0.206 (0.263)
r.m.s.d. bond 0.007/1.4
length/bond angle
No. protein atoms 6,741
No. water 190
molecules
No. glycerol atoms 18
No. SO, atoms 15
No. sialic acid 21
atoms
Average B-factors

Protein atoms 34.8
(A?)

Water molecules 24.2
(A% .

Glycerol (A%) 47.0

SO, (A?) 56.7

Sialic acid (A?) 58.3
Ramachandran
statistics

Most favored 82.0
regions (%)

Additional 17.6
allowed regions (%)

Generously 0.4
allowed regions (%)

Disallowed 0

regions (%)

quantified, and averaged. The data presented are the average of
four independent experiments.

Crystallization and Data Collection—Purified HCR/D-
C(GBL/C) was concentrated to 5 mg/mlin 10 mm Tris-HCI, pH
7.6, and 200 M NaCl. Crystals produced by the vapor diffusion
hanging drop method contained 2 ul of the concentrated pro-
tein solution mixed with 2 ul of 0.1 M HEPES, pH 8.5, 16% PEG
5000 MME, and 50 mm MgSO,. The complex of HCR/D-
C(GBL/C) bound to sialic acid (referred to as HCR/D-C(GBL/
C)-Sia) was obtained by soaking the crystals of HCR/D-
C(GBL/C) in mother liquid containing 50 mm sialic acid
overnight. Diffraction data for HCR/D-C(GBL/C)-Sia were col-
lected using an R-AXIS IV>" with a MicroMax 007 generator at
100 K. HKL2000 was used for data processing (35). Data collec-
tion and processing statistics are summarized in Table 1.

Structure Determination and Refinement—The structure of
HCR/D-C(GBL/C) was solved by the molecular replacement
method using the PHASER (36) program and the structure of
HCR/D-C (residues 863—1284; PDB code, 3N7L) (3). The initial
structure obtained from molecular replacement trials was
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refined using the program CNS (37). The refinement procedure
consisted of rigid body and positional refinements followed by a
simulated annealing protocol. Iterative rounds of positional
and temperature factor refinement were followed by manual
fitting and rebuilding using the graphics program COOT (38)
with [2F, — F.] and [F, — F,] difference Fourier maps (38).
The final model was completed with R /Rgee values of
0.206/0.263.

crysta

RESULTS

Ganglioside Enrichment Enhances HCR/C Entry into
Neuro-2A Cells—A cell-based assay was used to evaluate the
role of gangliosides in HCR/C entry into N2A cells, a mouse
neuroblastoma cell line lacking complex gangliosides in the
plasma membrane. The plasma membrane of Neuro-2A cells
was enriched with GT1b, a complex ganglioside, to establish
the assay parameters for studying HCR trafficking. N2A cell
morphology was detected by actin staining, which localized on
the cell periphery and in an intracellular compartment (Fig. 1).
Endogenous GT1b was below detection level in untreated N2A
cells, whereas GT1b-enriched cells possessed detectable GT1b
on the cell periphery that was proportional to the amount of
GT1b enrichment (Fig. 1, A and F). HCR/C did not enter
untreated N2A cells, but binding was detected within an intra-
cellular compartment upon GT1b enrichment (Fig. 1, Band D).
The amount of cell-associated HCR/C was proportional to the
amount of GT1b enrichment (Fig. 1F). Reducing the assay tem-
perature allowed detection of cell surface HCR/C, which was
not observed at 37 °C, indicating a rapid transition from the cell
surface to intracellular compartments (data not shown). Con-
trol experiments showed that HCR/TeNT, which utilizes dual
gangliosides as host receptors (39), binding to N2A cells was
dependent on and proportional to the amount of GT1b enrich-
ment. Interestingly, the HCR/TeNT signal was detected on the
cell periphery and in an intracellular compartment (Fig. 1, C, E,
and F).

Identification of a Novel Ganglioside Binding Pocket within a
HCR/C Chimera—The ganglioside-HCR interaction was tested
by creating a chimeric protein between HCR/C and a closely
related HCR/D-C. When the structures of HCR/C and HCR/
D-C are superimposed, the average root mean square deviation
for all a-carbons in the backbones is 0.46A (3). Thus, HCR/C
and HCR/D-C have essentially the same structure. This simi-
larity was utilized to characterize the mechanism of ganglioside
binding by BONT/C. A nine-amino acid segment of HCR/C was
swapped with the analogous region of HCR/D-C (BoNT/C-
(1252-1260) into BoNT/D-C-(1245-1254)). The resulting chi-
meric protein, HCR/D-C(GBL/C) was readily crystallized and
was used to generate a crystal in complex with sialic acid (PDB
code, 4FVV). Bound sialic acid formed hydrogen bonds with
Tyr-1115, Ile-1240, Ser-1242, Tyr-1243, and Ser-1275 of the
HCR/C chimera (Fig. 2). The side chain hydroxyl of Tyr-1115
formed two H-bonds with O1A and O1B of the carboxylic acid
of sialic acid. An H-bond was detected between the backbone
carbonyl of Ile-1240 with the N5 of sialic acid. The backbone
amide and carbonyl groups of Ser-1242 contacted O8 and O9 in
sialic acid, respectively, and the hydroxyl Tyr-1243 H-bonded
with O10 of sialic acid. The hydroxyl group of Ser-1275 (OG)
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FIGURE 1. GT1b-enriched Neuro-2A cells support HCR/C entry. N2A cells were
untreated or enriched with 10 or 50 ug of GT1b/well for 4 h. Cells were washed
and incubated in PBS alone or with 40 nm of the indicted HCR in PBS for 30 min at
37 °C.Unbound HCR was washed away, and cells were processed for microscopy.
Exogenous GT1b was detected with an anti-GT1b antibody (mAb). HCR was iden-
tified with an anti-HA antibody. Cellular actin was identified by staining with phal-
loidin. Image exposure settings were identical between treatments. Representa-
tive X60 micrographs are shown. HCR images were set to equivalent brightness
and contrast levels using Imagel. The brightness of the mAb images was
increased relative to the HCR images for publication. A-C, the upper rows show
the signals detected for the anti-GT1b antibody (A), HCR/C (B), and HCR/T (C). The
lower rows show the merged images created from the antibody or HCR signal
overlaid with the actin signal. Scale bar = 20 um. D, the boxed area from B is
expanded and shown here. Notice how the HCR/C signal is exclusively intracel-
lular, as the actin positive compartment appears green/yellow and the cell periph-
ery is red. E, the boxed area from Cis expanded and shown here. Notice how the
HCR/T signal is intracellular and bound to the plasma membrane as the intracel-
lular compartmentand the cell periphery are green/yellow in the merged image. F,
quantification of microscopic data. Allimages (mAb and HCRs) were set to equiv-
alent brightness and contrast for quantification using ImageJ. Three fields were
captured per treatment. The average GT1b antibody (mAb) or HCR signal was
determined. The average intensity measured in N2A cells without exogenous
ganglioside was determined and subtracted from the average intensity in gan-
glioside-treated wells, and the ganglioside-dependent mAb or HCR intensity is
reported. The average of two independent experiments is shown. Asterisk
denotes statistical significance (¥, p < 0.05).
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HCR

FIGURE 2. A novel sialic acid binding pocket within HCR/D-C(GBL/C). The
crystal structure of HCR/D-C(GBL/C) was solved in complex with sialic acid
and is shown here (PDB code, 4FVV). Sialic acid is shown in orange. Residues of
HCR/D-C(GBL/C) in contact with sialic acid are shown in green and define the
GBP2. The N (HCR,)- and C (HCRJ)-terminal subdomains of the HCR are
labeled. GBL/C is shown in pink. The boxed area is expanded and shown (bot-
tom). The sialic acid electron density is shown. [2F, — F_] contoured at 1. The
residues TYR-1115, lle-1240, Ser-1242, Tyr-1243, and Ser-1275 in HCR/D-C
form direct H-bonds with sialic acid (red dashed lines). Nitrogen atoms are
shown in blue and oxygen atoms in red.

contacted the O4 of sialic acid (Table 2). The bound sialic acid,
which overlapped physically with the GBP of other BoNT sero-
types, was defined as ganglioside binding pocket 2 (GBP2) to
reflect the similar location of but different contacts between the
ganglioside and HCR than those observed for other BONT sero-
types (3).

HCR/C Has Two Independent Ganglioside Binding Sites—
These studies suggest that HCR/C possesses two potential gan-
glioside binding sites: the GBP2 identified above and a previ-
ously identified sialic acid binding site, the Sia-1 site (26). The
sialic acid bound to HCR/D-C(GBL/C) was modeled onto the
HCR/C structure; from this, the residues predicted to contact
sialic acid in the GBP2 of HCR/C include Tyr-1119, Ile-1247,
Thr-1249, Tyr-1250, and Ser-1281, as the side chains of these
residues align in space with the ganglioside-contacting residues
of the HCR/D-C GBP2. The Sia-1 site is formed by several dis-
contiguous peptides (Fig. 34), Ala-1126 maps to a -hairpin
loop that forms the center of the Sia-1 site and directly contacts
the O4 of sialic acid. There are also multiple residues on the
central B-hairpin loop that contacted sialic acid either directly
or through H,O with residues Tyr-1179 and Leu-1203 (26) on
one face and residues Leu-1254, Gly-1255, and Gly-1256 that
were part of a previously identified region of the HCR impli-
cated in ganglioside binding, termed the GBL (3).
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TABLE 2

The distance (A) of the hydrogen bonds observed between sialic acid
and residues within the GBP2 of HCR/D-C

Sialic acid Distance HCR/D-C
A
Ol1A 2.8 Tyr-1115 (OH)
O1B 3.2 Tyr-1115 (OH)
04 2.9 Ser-1275 (OG)
08 2.8 Ser-1242 (N)
09 3.0 Ser-1242 (O)
010 3.5 Tyr-1243 (OH)
N5 2.8 Tle-1240 (O)

To evaluate the contribution of the GBP2 and the Sia-1 sites
in ganglioside binding by HCR/C, directed mutagenesis gener-
ated two independent point mutations that were predicted to
physically disrupt sialic acid-GBP2 interactions (Y1119A) and
sialic acid-Sia-1 site interactions (A1126K) (Fig. 34). Tyr-1119
was chosen because the analogous GBP2 residue of HCR/D-C
(TYR-1115) contacted sialic acid through two hydrogen bonds
as opposed to one hydrogen bond for all other GBP2 residues.
Ala-1126 was changed to lysine as the bulky, charged R-group is
predicted to occlude the Sia-1 site. Mutated proteins were eval-
uated for ganglioside binding using a solid-phase assay (Fig.
3B). Wild-type HCR/C bound gangliosides with the following
efficiency: GT1b = GD1b > GD1la > GM1la. HCR/C(Y1119A)
had reduced binding to GT1b, did not bind GD1a or GM1a, but
retained GD1b binding. Analysis of the biosynthetic precursors
of GD1b indicated that neither GD2 nor GM3 (Fig. 3C) sup-
ported HCR/C(Y1119A) binding, showing that the backbone
sugars contributed to high affinity binding of GD1b to the Sia-1
binding site of HCR/C and that the Sia-1 site preferentially
bound complex gangliosides with sia7-sialic acid (GD1b >
GT1b). HCR/C(A1126K) did not bind GD1b or GMla but
retained GD1a binding and had low binding to GT1b (Fig. 3B),
showing that the GBP2 site preferentially bound complex gan-
gliosides with sia5-sialic acids (GD1a = GT1b). Overall, GBP2
preferentially bound sia5-gangliosides (GT1b and GDla),
whereas the Sia-1 site preferentially bound sia7-gangliosides
(GD1b > GT1b). The residual ganglioside binding observed for
the mutated proteins suggests that the point mutations did not
disrupt the structural integrity of the proteins.

In a control experiment to address the relationship between
GBP2 of BoNT/C and the GBP of other BoNT serotypes, His-
1193 of GBP2, which is structurally analogous to the conserved
His of GBP, was mutated and tested for ganglioside binding.
HCR/C(H1193A) had the same complex ganglioside binding
profile as HCR/C, showing that His-1193 did not participate in
ganglioside binding (Fig. 3B) (26). This supported the model
that GBP and GBP2 utilize different mechanisms to bind
gangliosides.

HCR/C Binds Dual Gangliosides to Enter N2A Cells—The
capacity of specific complex gangliosides to support HCR/C
entry into N2A cells was also tested. Although minimal HCR/C
entry was detected in untreated N2A cells, enrichment of mem-
branes with gangliosides increased HCR/C entry with the fol-
lowing affinity: GT1b > GD1a > GD1b. GM1a failed to support
activity above background (Fig. 44). HCR/C fluorescence
intensity was greater in N2A cells enriched with GD1a relative
to GD1b. The greater capacity of GT1b to support HCR/C entry
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FIGURE 3. HCR/C has two independent ganglioside binding sites. A, HCR/C
has multiple sialic acid binding sites. The crystal structure of HCR/C (PDB code,
3N7K) (3) is shown with GBP2 highlighted in blue. The GBL is shown in red. A sialic
acid site termed the Sia-1 site is shown in yellow (PDB code, 3R4S) (26). The boxed
areas were expanded and shown below. Analysis of the HCR/C GBP2 indicates
that multiple signature residues of the GBP2 are conserved in space and in iden-
tity. In HCR/C, the GBP2 is defined by Tyr-1119, lle-1246, Thr-1259, Tyr-1250, and
Ser-1281. Unlike HCR/D-C, a distal loop segment partially shields Tyr-1250 and
contributes His-1193 to the pocket that is structurally analogous to the His of the
GBP. The Sia-1 site is shown on the right. Residues in contact with the bound sialic
acid (white) or that were identified through mutagenesis are shown in yellow.
Ala-1126 is highlighted in pink. GBL residues adjacent to the sialic acid molecule
are shown in red. B, point mutations were introduced into the sialic acid binding
sites and evaluated for binding to a panel of common gangliosides. Purified gan-
gliosides were immobilized in wells of a 96-well plate and probed with the indi-
cated HCR/C derivatives. Disruption of the GBP2 with the mutation Y1119A elim-
inated high affinity GT1b binding and low affinity GD1a and GM1a binding. GD1b
binding is retained. His-1193 does not contribute to ganglioside binding by the
GBP2. Disruption of the Sia-1 site with the mutation A1126K eliminated high
affinity GD1b binding. High affinity GT1b binding was reduced to GD1a levels.
GM1a binding was eliminated. These results indicate the GBP2 binds the sia5
moiety of GD1a = GT1b and the Sia-1 site binds the sia7 of GD1b > GT1b. C, the
indicated HCR (5 nm) was incubated in wells coated with GD3, GD2, or GD1b or
uncoated. The plate was processed as described in B.HCR/D (10 nm) was included
as a positive control for GD2 binding (27). These results indicate that ganglioside
binding by the Sia-1 site requires a terminal galactose ring on the sugar backbone
to bind efficiently.

HCR/D
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FIGURE 4. HCR/C entry into N2A cells enriched with complex ganglio-
sides. A, quantification of microscopic data. N2A cells were cultured with or
without the indicated ganglioside (25 pg/well) for 4 h. 40 nm HCR/C was
incubated with N2A cells with or without ganglioside for 30 min at 37 °C.
Unbound HCR was washed away, and the cells were processed for micros-
copy. HCR/C was detected with an anti-HA antibody. Cells were stained for
synaptophysin. Exposure times were constant between treatments. The aver-
age HCR/C fluorescence intensity was determined from three independent
fields of consistent cellular morphology and density. The HCR/C intensity
detected in N2A cells not supplemented with exogenous ganglioside was
determined and subtracted from the ganglioside-dependent HCR intensity,
and that value is presented here. Data presented are the average of three
independent experiments. B, N2A cells were cultured with or without 5 ug of
the indicated ganglioside for 4 h. 40 nm HCR/C was incubated with N2A cells
with or without ganglioside for 30 min at 37 °C. Unbound HCR was washed
away, and the cells were processed for microscopy. The percentage of cells in
a given field that were double positive for HCR/C and synaptophysin was
determined using ImageJ. Data were prepared using Excel and GraphPad
Prism. The average of three independent experiments is shown. Asterisks
denote statistical significance (¥, p < 0.05; ***, p < 0.0001). A combination of
GD1aand GD1b resulted in a statistically significant increase in the number of
double positive cells relative to GD1a alone as determined by a two-tailed t
test.

may reflect the ability of GT1b to bind into both the GBP2 and
Sia-1 pockets (Fig. 3B). Control experiments showed that HCR/
TeNT entry into GD1b- and GT1b-enriched cells was similar
(data not shown), indicating comparable GT1b and GD1b
enrichment within the cells.

These studies provided a basis for assessing the role of the
two ganglioside binding sites, GBP2 and Sia-1, in HCR/C entry
into N2A cells. To measure the contribution of each site,
HCR/C entry was measured in N2A cells enriched with GD1a,
which mediates binding at the GBP2 site, and GD1b, which
mediates binding at the Sia-1 site, or cells enriched with a com-
bination of GD1a and GD1b. Parameters were established so
that most cells were double positive for HCR/C and synapto-
physin upon GT1b enrichment. Under these conditions, the
efficiency of ganglioside-dependent HCR/C entry was GT1b >
GDla >GD1b (Fig. 44). HCR/C entered ~50% of the GD1a-
enriched cells and ~20% of the GD1b-enriched cells, whereas
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FIGURE 5. Binding of two gangliosides enhances HCR/C entry into N2A
cells. Assessment of HCR/C, HCR/C(Y1119A), and HCR/C(A1126K) trafficking
in N2A cells enriched with exogenous ganglioside. N2A cells were enriched
with 50 ug of GD1b/well for 4 h. The indicated HCR (40 nm) was incubated in
N2A cells with or without exogenous ganglioside for 30 min. Unbound HCR
was washed away, and cells were processed for microscopy. Instrument set-
tings and exposure times were consistent between treatments. Images were
prepared for publication and set to equivalent brightness and contrast set-
tings using NIS-Elements (Nikon Instruments). Representative micrographs
are shown. Magnification is similar to that described in the legend for Fig. 1, D
and E. A Sia-1 site-competent derivative of HCR/C (HCR/C(Y1119A)) is able to
enter N2A cells with ganglioside. These results indicate that two intact gan-
glioside binding sites are required for efficient trafficking of HCR/C into cells.
However, binding GD1b through the Sia-1 site appears to support entry.

HCR/C entered ~75% of the cells enriched with both GD1a and
GD1b (Fig. 4B). The enhanced entry of HCR/C upon enrich-
ment with GD1a and GD1b, which support binding to GBP2
and Sia-1, respectively, was consistent with HCR/C utilizing
both ganglioside binding sites to enter cells.

Binding of Dual Gangliosides Is Required for Efficient HCR/C
Entry into Cells—The contributions of the GBP2 site and the
Sia-1 site to cell entry were assessed by evaluating the entry of
HCR/C(Y1119A) and HCR/C(A1126K) relative to HCR/C in
ganglioside-enriched N2A cells. Ganglioside enrichment was
increased to allow detection of cell binding by the point-mu-
tated HCR/C derivatives. Following GD1b enrichment, how-
ever, a Y1119A signal was detectable above background (Fig. 5).
The preferred binding of HCR/C(Y1119A) to GD1b over GT1b
is in line with the results of the solid-phase binding assay (Fig.
3B). Unexpectedly HCR/C(Y1119A) did not exclusively localize
within the synaptophysin positive compartment like wild-type
HCR/C but appeared diffuse throughout the cytoplasm, indi-
cating that trafficking to the synaptophysin positive compart-
ment was impaired (Fig. 5). This indicates that whereas HCR/C
bound to the plasma membrane through a GD1b-Sia-Isite
interaction, this interaction was not sufficient to efficiently traf-
fic HCR/C into cells. Cell enriched with GT1b supported robust
HCR/Centry but failed to support the entry of either Y1119A or
A1126K (data not shown).

Binding of Dual Gangliosides Is Required for HCR/C Entry
into Neurons—BoNT's enter neurons via synaptic vesicles dur-
ing synaptic vesicle cycling. Using HCR/A as a control for syn-
aptic vesicle-dependent entry, the entry of HCR/C was meas-
ured in unstimulated primary cortical neurons and in cortical
neurons that were stimulated for SV cycling. SV cycling was
stimulated by the incubation of cells with potassium-contain-
ing buffer (high K*). HCR/A entry was increased following
membrane depolarization (Fig. 6D). Like HCR/A, HCR/C entry
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FIGURE 6. Synaptic activity enhances the uptake of HCR/C. A, primary hip-
pocampal neurons were incubated in the presence of HCR/A, HCR/C, or
HCR/C derivatives (40 nm) for 5 min under resting (low K*) or depolarizing
(high K*) conditions. The cells were processed for microscopy. Bound/inter-
nalized HCR was detected with an anti-HA antibody followed by a fluorescent
secondary antibody. Synaptic vesicles were identified by staining for synap-
tophysin. Micrographs were captured using TIRF microscopy with identical
exposure settings between treatments. Representative X100 micrographs
are shown. Scale bar = 20 um. Images were adjusted to the same brightness
and contrast using NIS Elements. Representative merged micrographs are
shown for HCR/C (A), HCR/C(Y1119A) (B), and HCR/C(A1126K) (C). Under rest-
ing conditions, the cells appear red in the merged images, as only the synap-
tophysin signal is detected. Following depolarization, some of the neurons
projections in the field appear yellow or green, indicating uptake of the HCR
and overlap with synaptophysin. D, quantification of microscopy data. Eight
random, synaptophysin-positive fields per treatment were captured with
identical exposure settings between treatments. The HCR fluorescence, in
arbitrary units, was measured using NIS Elements. The graph was prepared
for presentation using GraphPad Prism. An average of four independent
experiments is shown.
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was enhanced with depolarization (Fig. 6, A and D). Colocaliza-
tion between HCR/C and an SV marker, synaptophysin, is evi-
dent from the merged image, as the neuronal projections
appear yellow/green, indicative of an HCR/C entering neurons
through the cycling SVs (Fig. 6A).

To determine whether binding dual gangliosides is necessary
for HCR/C entry into neurons, HCR/C(Y1119A) and HCR/
C(A1126K) were tested for neuron entry capacity. Under the
same conditions that support robust HCR/C entry following
synaptic stimulation, neither Y1119A nor A1126K entered neu-
rons (Fig. 6, B-D). The low level of signal detected above back-
ground was not cell-associated and was likely nonspecific bind-
ing of the HCRs to the tissue culture plate (Fig. 6, B and C).
Based on these findings, we concluded that binding of dual
gangliosides is required for the entry of HCR/C into neurons.

Organization of the Two Ganglioside Binding Sites within
HCR/C—A schematic of the ganglioside interaction with the
Sia-1 site and the GBP2 of HCR/C is shown in Fig. 7A. A man-
ually generated model of HCR/C bound to dual gangliosides
was also constructed to orient HCR/C on the plasma mem-
brane. Sia5 of GD1a was modeled into the GBP2 site using the
sialic acid bound to HCR/D-C(GBL/C) as a reference, and sia7
of GD1b was docked into the Sia-1 site using sialic acid bound
to HCR/C as a reference. The geometry of HCR/C with the
plasma membrane is similar to the orientation of HCR/B mod-
eled onto a plasma membrane when bound to GT1b and syn-
aptotagmin (15, 16). In both models a respective region of the
HCR penetrates the lipid bilayer (Fig. 7, B and C). The possibil-
ity that a single molecule of GT1b could bind to the GBP2 and
Sia-1 sites was addressed by measuring the distance between
the two sites, which is ~30 A, by following the surface contour
of the HCR. This is too long to allow a single molecule of GT1b
to span the distance between GBP2 and the Sia-1 site (data not
shown).

DISCUSSION

We report here that BONT/C binds dual gangliosides to enter
cells through two independent ganglioside binding sites
(termed GBP2 and Sia-1) where each binding site has unique
ganglioside specificity. Although the GBP2 of BONT/C is phys-
ically analogous to the GBP of BoNT/A, the ganglioside-HCR
contacts are unique. Likewise, although the Sia-1 site of
BoNT/C is physically analogous to the synaptotagmin binding
site of BON'T/B, the respective ganglioside-HCR/C and peptide-
HCR/B contacts are unique. Conversely, the functions of the
two binding site pairs appear analogous, which allowed exten-
sion of the model for how BoNTs utilize dual receptors to enter
neurons. The observed accessibility of HCR/C(Y1119A) to
GD1b-enriched N2A cells shows the direct binding of the HCR
to the plasma membrane via the Sia-1 site. Extrapolation sug-
gests that either gangliosides or SV proteins support BoNT
interactions at the Sia-1 site or the SRS, respectively, and that
SV exocytosis need not precede BoNT entry to present SV pro-
tein receptors on the plasma membrane. The enhanced BoNT
entry observed with the stimulation of SV exocytosis may pres-
ent additional SV protein receptor on the plasma membrane.
Earlier, Neale et al. (40) reported that BoNT/A-intoxicated
neurons retain endocytosis. The acceptance that SV exocytosis
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FIGURE 7. BoNT/C binds dual gangliosides. A, schematic showing how
BoNT/C binds ganglioside was generated based on the results of the
mutagenesis study from Fig. 4. B, a manually generated model for HCR/C
bound to dual ganglioside molecules (bound sialic acid moiety is shown in
white, and the remainder of the ganglioside in black) was built by docking the
sia7 from GD1b into the Sia-1 site using the Sia-1 molecule as a reference (PDB
code, 3R4S) (26). The sia5 from GD1a was modeled into the GBP2 using the
sialic acid bound by the HCR/D-C(GBL/C) as a reference. Ganglioside binding
sites are colored as described in the legend for Fig. 3. Binding of dual ganglio-
sides positioned HCR/C to interact with the plasma membrane as shown with
the GBL (red), penetrating the plasma membrane (PM) lipid bilayer. C, HCR/B
bound to dual receptors: synaptotagmin and GT1b. Alignment of HCR/B with
the synaptotagmin peptide (green; PDB code, 2NM1) (15, 16) and GT1b bound
to HCR/A (PDB code, 2VU9) (45) are shown. Residues that contact the synap-
totagmin peptide and GT1b are shown in red and cyan, respectively.

and SV endocytosis are uncoupled and that there are pools of
SV components resident on the plasma membrane supports the
initial interactions between BoNTs and host receptors on the
surface of neurons (32, 41-43).

The crystal structure of HCR/D-C(GBL/C) bound to sialic
acid, in conjunction with structural modeling, provides a mech-
anism for ganglioside recognition by GBP2 of BoNT/C that can
be analyzed relative to ganglioside recognition by GBP of
BoNT/A. Similar properties between GBP2 and GBP include
interactions with the sia5 component of gangliosides, where
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HCR/A Tyr-1117 and Ser-1275 coordinate the binding to sia5
of GD1a and GT1b, whereas HCR/C Tyr-1119 and Ser-1281
coordinate sia5 binding by gangliosides (44, 45). In contrast,
GBP2 and GBP differed in the coordination of the backbone
components of gangliosides. GBP2 of HCR/C lacks the con-
served Trp within the GBP of HCR/A that coordinates binding
to the backbone components of gangliosides, and His-1193
within the GBP2 of HCR/C does not contribute to ganglioside
binding, whereas His-1253 within the GBP of HCR/A does con-
tribute to ganglioside binding. The lack of contacts between
HCR/C and the ganglioside backbone may be compensated for
by the additional contacts between the residues within the
GBP2 and the sialic acid. Earlier studies observed an electron
density of a sialic acid near the GBP in HCR/D-C (46) but did
not identify contacts between the HCR and sialic acid; these
studies determined that Ile-1240 and Tyr-1243 contribute to
ganglioside binding, which is shown in our current study to
contact sialic acid.

The Sia-1 binding site of BONT/C was initially identified as a
sialic acid binding site. The current study has characterized the
ganglioside specificity of the Sia-1 site. Unexpectedly, the Sia-1
site preferentially bound GD1b (Fig. 3B). GD1b binding was
eliminated with the A1126K mutation, confirming that the
Sia-1 site is a ganglioside binding site that binds sia7-containing
gangliosides (GD1b > GT1b). Analysis of Sia-1 site binding
specificity showed that the terminal galactose (gal4) of the gan-
glioside backbone was necessary for high affinity binding, as
HCR/C bound GD1b with greater affinity than GD2 (Fig. 3C).
The lower affinity of HCR/C for GT1b relative to GD1b may
reflect the modification of gal4 with sialic acid, which may
interfere with the contacts between the Sia-1 site and gal4. Pro-
tein modeling showed that the replacement of Ala-1126 with
Lys occludes sialic acid interactions within the Sia-1 site. Ala-
1126 maps to a B-hairpin that is conserved in multiple BONT
serotypes and overlaps with the second receptor site of
BoNT/B. Val-1118 of the synaptotagmin binding site in HCR/B
is on the same conserved B-hairpin as Ala-1126 in HCR/C (15,
16). Based on their structural similarity, the Sia-1 site and the
second receptor site may have a conserved function between
BoNT/Cand BoNT/B but via interactions with unique receptor
molecules.

The multiple roles that gangliosides perform in neuronal
homeostasis can complicate the resolution of the direct versus
indirect effects of ganglioside ablation on BoNT function (47).
Using a gain-of-function, cell-based assay allowed evaluation of
the capacity of gangliosides to support HCR/C entry. Protein
modeling predicted two independent ganglioside binding sites
within BoNT/C that have different preferences for complex
gangliosides: GBP2 binds sia5-containing gangliosides,
whereas the Sia-1 site binds sia7-containing gangliosides. This
explains why GT1b is a better overall receptor for mediating
HCR/C entry, because GT1b contains a sia5 and sia7. The
observation that HCR/C bound GD1b > GD1la in the solid-
phase assay (Fig. 3B) but entry into N2A cells was GDla >
GD1b indicates that the arrangement of the sialic acids on gan-
gliosides is relevant to the entry process. Enrichment with a
combination of GD1a and GD1b enhanced HCR/C entry rela-
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tive to enrichment with either GD1a or GD1b alone, supporting
a role for dual gangliosides as receptors for BONT/C.

Using primary neurons in culture, the influence of disrupting
either ganglioside binding site on the uptake and trafficking of
HCR/C was evaluated. HCR/C entry was enhanced following
synaptic stimulation, similar to HCR/A (Fig. 6). Disruption of
either ganglioside binding site ablated the ability of HCR/C to
enter neurons. These results agree with previous reports that
characterize the dual ganglioside binding sites of HCR/TeNT
(48). This indicates that eliminating either ganglioside binding
site influences ganglioside binding affinity as well as binding
specificity. This is consistent with the finding that BoNT/C
with the Sia-1 site disrupted by the mutation L1203F or with the
GBP2 disrupted with the mutation S1281Y decreases toxicity to
0.5 and 15% of wild-type BoNT/C, respectively (26). Thus, one
functional ganglioside binding site can allow entry into neurons
but with reduced activity.

Binding multiple ganglioside molecules as functional recep-
tors is not a property unique to the clostridia neurotoxins, as
Shiga toxin and cholera toxin both utilize multiple ganglioside
molecules to enter cells. The mechanism of Shiga toxin entry is
dependent on the unique geometry of the ganglioside binding
sites in the binding domain to drive membrane ganglioside
clustering. Shiga toxin-mediated ganglioside clustering results
in a localized membrane perturbation characterized by nega-
tive curvature in the plasma membrane, which leads to invagi-
nation formation and toxin entry in the absence of a preexisting
cellular pathway (49-51). This cargo-induced entry provides
one possible mechanism for the ganglioside-mediated entry of
BoNTs into neurons. In this case, the tethering of the HCR
domain by the two binding sites may provide sufficient contor-
tion (curvature) of the membrane to initiate uptake. Shiga toxin
molecules are predicted to cluster in the plasma membrane of
target cells, which also contributes to entry, whereas the
extreme potency of BoNT indicates that a minute amount of
toxin very efficiently reaches target cells, suggesting that
cooperativity between toxin molecules is not required. Mul-
timeric forms of TeNT and BoNT HCRs have been observed
(52). Whether HCR/C has the ability to contort the plasma
membrane like Shiga toxin will be the subject of future
experiments.

Neuron-specific tropism of BONT suggests that simply bind-
ing to plasma membrane gangliosides is not sufficient for entry
but rather HCR/C utilizes a neuron-specific component or
endocytic pathway for entry. Along these lines, numerous stud-
ies have attempted to define a protein-based receptor for
BoNT/C and have failed (25, 26, 29, 53), but it is still unknown
whether gangliosides are sufficient for BONT/C intoxication.
Continued studies may resolve this process and provide insight
into developing neurotoxins as targeted therapeutic agents.
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