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Botulinum neurotoxin type B (BoNT/B) recognizes nerve terminals
by binding to 2 receptor components: a polysialoganglioside,
predominantly GT1b, and synaptotagmin 1/2. It is widely thought
that BoNT/B initially binds to GT1b then diffuses in the plane of
the membrane to interact with synaptotagmin. We have addressed
the hypothesis that a GT1b-synaptotagmin cis complex forms the
BoNT/B receptor. We identified a consensus glycosphingolipid-binding
motif in the extracellular juxtamembrane domain of synaptotagmins
1/2 and confirmed by Langmuir monolayer, surface plasmon reso-
nance, and circular dichroism that GT1b interacts with synaptotagmin
peptides containing this sequence, inducing a-helical structure. Molec-
ular modeling and tryptophan fluorescence spectroscopy were consis-
tent with the intertwining of GT1b and synaptotagmin, involving cis
interactions between the oligosaccharide and ceramide moieties
of GT1b and the juxtamembrane and transmembrane domains of
synaptotagmin, respectively. Furthermore, a point mutation on
synaptotagmin, located outside of the BoNT/B-binding segment,
inhibited GT1b binding and blocked GT1b-induced potentiation of
BoNT/B binding to synaptotagmin-expressing cells. Our findings are
consistent with a model in which a preassembled GT1b-synaptotagmin
complex constitutes the high-affinity BoNT/B receptor.

botulinum neurotoxin B receptor | synaptotagmin | gangliosides

otulinum neurotoxins (BoNTs) reach their neuronal targets
through several steps. After oral ingestion, they bind to epi-
thelial cells of the digestive tract then escape from the gastroin-
testinal milieu, mainly by trancytosis and barrier disruption, into
the circulation (1, 2). BoNTs then cross the endothelial barrier
and attain peripheral nerve terminals, binding with high affinity to
specific neuronal receptors. BoNT serotypes A, B, and E (BoNT/A,
BoNT/B, and BoNT/E), the main agents of human botulism,
target mainly neuromuscular junctions (NMJ), where they impair
acetylcholine release and consequently cause flaccid paralysis (3).
At the molecular level, BoNTs are AB toxins composed of
2 polypeptides, the heavy (100 kDa) and the light (50 kDa)
chains, linked by a disulphide bridge and noncovalent interac-
tions (1, 4). All BoNT serotypes employ a similar mechanism of
intoxication. The carboxy and amino-terminal domains of the
heavy chain confer respectively receptor-binding and light chain
translocation through the endocytic vesicle membrane into the
cytosol. The light chain is a zinc-dependent endopeptidase respon-
sible for the inactivation of SNARE proteins essential for neuro-
transmitter release. BONT/B cleaves synaptobrevin (VAMP), which
is an integral protein of the synaptic vesicle membrane, whereas
BoNT/A and BoNT/E cleave SNAP-25 (synaptosomal-associated
protein of 25 kDa), a protein located on the cytosolic face of the
presynaptic membrane (1-3).
BoNT/A, B, and E receptors are composed of plasma mem-
brane gangliosides and intraluminal domains of transmembrane
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synaptic vesicle proteins that become accessible at the presynaptic
membrane upon exocytosis. BONT/A and E bind to the synaptic
vesicle protein 2 (SV2), while BoNT/B binds synaptotagmin (SYT
isoforms 1 and 2).

Gangliosides are amphiphilic glycosphingolipid molecules
predominantly anchored, via their ceramide group, in the outer
leaflet of plasma membranes. Their extracellular polar part is
composed of several characteristic sugar molecules with the
negatively charged sialic acids at precise positions. Gangliosides
are major components of neuronal membranes accounting for
10 to 20% of total membrane lipids of the outer leaflet and act as
cell-surface receptors for certain viruses, bacteria, microbial
toxins, and antibodies (5, 6). GM1, GD1la, GD1b, and GT1b
account for >90% of adult mammalian brain gangliosides. They
differ in the number and position of their sialic acids linked to a
common tetrasaccharide core (7, 8), with GT1b being the pre-
ferred form recognized by BoNT/B (9). Because of their high
content in long saturated alkyl chains and their propensity to
associate with other sphingolipids and cholesterol, gangliosides
are thought to promote the formation of tightly packed lipid
domains that are in a dynamic equilibrium with the less-ordered
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environment (10). Moreover, the hydrogen-bonding ability of
their headgroups results in extensive ganglioside and protein—
ganglioside interactions in cis or trans configuration (8, 11). In
neurons, gangliosides are involved in a diverse range of functions
including synaptic transmission (8) and colocalize with proteins
having a major role in neurotransmission such as SNARE pro-
teins (11, 12).

SYT 1 and 2 are expressed in synaptic vesicles and play an
essential function in neurotransmitter release, acting as the pri-
mary calcium sensors that trigger exocytosis. SYT also plays a
major role in clathrin-dependent endocytosis in the periactive
zone (13). They consist of a small luminal N-terminal segment
that harbors N- and O-glycosylation sites (14), a single trans-
membrane (TM) domain, and a large cytoplasmic calcium,
phospholipid, and SNARE complex binding domain participat-
ing in membrane bilayer deformation necessary for SV fusion
(15). Upon exocytosis the N-terminal domain of SYT becomes
accessible at the cell surface. Although there are minor sequence
differences between SYT1 and SYT2 N-terminal domains, the
affinity of BoNT/B for rat SYT2 is more than 2 orders of mag-
nitude higher than for rat SYT1 (16). Interestingly, however, a
single amino acid difference between rat and human SYT2
drastically diminishes BoNT/B binding affinity for the latter and
consequently SYT1 is considered to be the major receptor for BONT/B
in humans at NMJ (17) and autonomic nerve terminals (18).

X-ray crystallography has shown that the trefoil C-terminal
domain of BoNT/B carries 2 vicinal but independent binding
pockets. One pocket accommodates the polar part of a gangli-
oside, while the other interacts mainly with hydrophobic amino
acids in the extracellular juxtamembrane domain of SYT (18,
19). Although this SYT domain is unstructured in solution it has
an o-helical structure in the toxin binding pocket (9, 16, 19).
Structural modeling data and substitution of several amino acids
between SYT1 and SYT2 have suggested a conserved BoNT/B
binding mode for both SYT isoforms (16, 18).

Although structural, biochemical, and functional studies sup-
port the idea that a double receptor anchorage of BoNT/B is
responsible for the exquisite neurotropic specificity of BoNT/B,
the precise sequence of events that lead to BoNT/B binding is
unknown. The current “dual receptor” hypothesis proposes that
circulating BoNTs are initially captured by gangliosides and thus
concentrated at the presynaptic surface. The GT1b-BoNT
complex would then migrate in the plane of the membrane, fa-
cilitating subsequent binding to the protein receptor, making the
interaction almost irreversible and allowing receptor-mediated
endocytosis (10, 20). However, it was proposed that the toxin
simultaneously binds both receptors located in very close prox-
imity (21). This alternative view is moreover supported by the
very low binding affinity of BoNT to gangliosides compared to
SYT (22). Recently a new partner has been implicated in the
mechanisms that orchestrate BoNT/B binding to neurons, as
membrane lipids have recently been shown to interact with a
hydrophobic loop of BoONT/B located between the SYT and the
GT1b binding pockets (22).

In this paper we reexamined the interaction between BoNT/B
and its coreceptors. Using a range of molecular approaches, we
first identified a consensus glycosphingolipid-binding motif in
SYT and then characterized a direct interaction between its
juxtamembrane extracellular domain and the polar moiety of
GT1b. Our results indicate that this interaction extends into the
membrane, involving the TM region of SYT and the ceramide
moiety, corroborating the view that the SYT-GT1b complex
forms a highly stable structure, constituting a preassembled high-
affinity BoNT/B receptor. Our data suggest that GT1b binding
confers a-helical structure to the extracellular juxtamembrane
domain of SYT which is then accommodated in the SYT binding
pocket of BoNT/B, while subsequent occupancy of the ganglio-
side binding pocket would then stabilize BONT/B binding.

Flores et al.

Results

Assessment of BoNT/B Binding to SYT2 or GT1b in a Cellular Context.
The current model for BoNT/B intoxication proposes that
BoNTY/B first attaches to the membrane by binding to ganglio-
sides and then moves laterally to bind SYT. We revisited this
question by investigating BoNT/B binding to SYT2 or GT1b
separately. These experiments were performed in SYT1- and
SYT2-deficient PC12 cells transfected with SYT2 (PC12ASYT1
SYT2") and treated with PPMP (pL-threo-1-phenyl-2-palmitoylamino-
3-morpholino-1-propanol), an inhibitor of GTI1b synthesis that
abolishes most of its expression (98 + 2%, n = 3 independent ex-
periments; SI Appendix, Fig. S1 A and B). BoNT/B binding to
PC12 cells was not detectable either with endogenous or exoge-
nously added GT1b, in the absence of SYT (SI Appendix, Fig. S14).

Moderate but specific BoNT/B binding was detected on
PC12 cells expressing SYT2 and treated with PPMP. Staining
was mainly detected at the cell surface, colocalized with SYT2
and delineated transfected cells (Fig. 14), whereas no signal was
observed on cells transfected with carrier vector expressing en-
hanced green fluorescent protein (EGFP) (lower lane). In the
presence of PPMP and upon increasing BoNT/B concentration
from 5 to 40 nM, BoNT/B binding was enhanced by a factor of 3
(Fig. 1 4 and B). The binding affinity of BoNT/B for SYT?2 in the
absence of GT1b was measured using SYT2-expressing exo-
somes that do not contain GT1b or GDla (23) and yielded a
dissociation constant (Ky) of 40 nM (Table 1 and SI Appendix,
Fig. S1C). As a negative binding control, BoNT/E, which binds
SV2, did not show any interaction in this paradigm (S Appendix,
Fig. S1C). These results indicate that while BoNT/B binds spe-
cifically to SYT2 in the absence of GT1b, binding to GT1b alone
was not detectable.

In order to study on living cell membranes the potential prox-
imity of SYT2 and GT1b coreceptors, close enough to capture
BoNT/B, we used SYT2-transfected PC12 cells maintained on ice
to reduce membrane dynamics and receptor diffusion. We quan-
tified BoNT/B binding using a sensitive cell-based colorimetric
assay in the absence or presence of PPMP. Under these condi-
tions, BONT/B specifically bound to SYT2-transfected cells (Fig.
1C). This binding was totally abolished upon preincubation of
BoNT/B with a neutralizing antibody used to block BoNT/B in-
toxication (23). Interestingly, pretreatment with PPMP decreased
BoNT/B binding by 64 + 3% (n = 3 independent experiments)
(Fig. 1D). These results indicate that GT1b can still potentiate
BoNT/B binding under limited membrane diffusion and suggest
that there is a pool of SYT2 and GT1b coreceptors in sufficient
proximity to allow toxin binding in the absence of lateral diffusion
in the plane of the membrane.

Quantification of the Effect of GT1b on BoNT/B Binding to SYT2. We
compared the affinity and the kinetic binding constants of the
interaction between BoNT/B and SYT2 expressed in exosomes,
in the presence and absence of GT1b, using surface plasmon
resonance spectroscopy (SPR). Insertion of exogenous GT1b in
exosomal membranes induced an 80-fold increase in affinity
(Kq = 0.5 nM; Table 1 and ref. 23) compared to the condition in
the absence of GT1b (40 nM). This increment is driven by a 20-fold
increase in koq (1.5 + 0.2 vs. 31 + 12 x 10* M~'s7!) and a 4-fold
decrease in kog (5.6 + 0.1 vs. 1.5 + 0.6 x 10~* s™! [Table 1]). An
estimation of the contribution of electrostatic interactions was
carried out by increasing salt concentration in the running buffer.
As shown in Table 1, moderate salt concentration increase
(350 mM NaCl) induced a dramatic decrease in the association
kinetic constant of BoNT/B with SYT2/GT1b, whereas it hardly
influenced the k., on SYT2. Under these conditions, a similar
on-rate (k,,) was observed for BoNT/B binding to both SYT2/
GT1b (0.8 + 0.2 x 10* M~".s™") and SYT2 (0.8 + 0.1 x 10* M~":s ™),
thus losing the potentiation by GT1b. In contrast, the increment in
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Fig. 1. BoNT/B binding to PC12 cells transfected with SYT2. (A) Immunofluo-
rescence staining of SYT2 expressed in PC12 cells. PC12ASYT1 cells expressing or
not expressing SYT2 were treated with PPMP and incubated 45 min with 5 or
40 nM BoNT/B in the presence of 1 pg/mL of mAb anti-SYT2 (8G2b) directed
against its N-terminal extremity. Anti-BoNT/B staining results in a specific la-
beling at the plasma membrane colocalizing with SYT2. The right column
shows merge signals associated with phase contrast captures. (Scale bars,
15 pm.) The lower lane corresponds to cells transfected with the carrier vector
pIRES-EGFP. (B) Relative quantification of BoNT/B binding at 5 and 40 nM to
SYT2 expressing PC12ASYT1 treated with PPMP. Immunofluorescence signals
were measured from the experiment in A, taking the labeling at 5 nM as 100%
(2 independent experiments with 60 cells and 79 cells for BoNT/B at 5 and
40 nM, respectively). Data were normalized to SYT2 staining with 8G2b. (C)
ELISA-based determination of BONT/B binding to PC12 cells expressing SYT2 at
4 °C. PC12ASYT1 cells transfected with SYT2 containing endogenous levels of
GT1b were incubated 45 min on ice with BoNT/B (5 nM) in the presence or
absence of neutralizing anti-BoNT/B antibody. BoNT/B binding was revealed
using anti-BoNT/B and the nonspecific signal on PC12 cells transfected with the
carrier vector pIRES-EGFP was subtracted. Results are representative of 2 in-
dependent experiments with assays in triplicate. (D) Effect of PPMP on BoNT/B
binding to SYT2-transfected PC12 cells at 4 °C. Cell ELISA was performed as in C
with cells treated or not with PPMP. Nonspecific binding to PC12 cells trans-
fected with carrier vector was subtracted. Data are from 3 independent ex-
periments performed in triplicate. All data are means + SD and Mann-Whitney
U test 1-tailed statistical analysis was performed. ***P = 0.0004.

ionic strength slightly increased the dissociation rate (kof) of
BoNT/B from both SYT2 (5.6 to 18.4 x 10~*s™") and SYT2/GT1b
(1.5 to 3.1 x 107 s™") exosomes (Table 1). Taken together these

results suggest that GT1b strongly increases BoNT/B affinity for
SYT2, mainly via electrostatic interactions. Moreover, BoNT/B
binding to SYT?2 alone, as well as to SYT2/GT1b, can be fitted
using a simple homogenous 1:1 model (SI Appendix, Fig. S1C and
ref. 23), consistent with a single receptor site as if SYT and GT1b
were closely positioned or already preassembled.

The Juxtamembrane Domains of SYT1 and SYT2 Contain a Conserved
Glycosphingolipid-Binding Sequence and Directly Interact with GT1b.
A careful examination of the complete N-terminal sequences of SYT
revealed that SYT1 and SYT?2 share a consensus glycosphingolipid-
binding motif (24, 25) in their membrane proximal region, illus-
trated in gray in Fig. 24. This typical sequence K/R/H(X1-4)-F/
Y-(X4-5)-K/R/H is composed of a central hydrophobic amino acid
flanked by basic amino acids or histidine at defined positions and
mostly overlaps with the BoNT/B binding site (Fs¢-Lso for SYT1
and Fy;-Isg for SYT2) that was formerly determined by struc-
tural analysis (9). To assess whether this motif is a functional
glycosphingolipid-binding domain, we used the Langmuir mono-
layer method and investigated the binding, to various gangliosides,
of synthetic SYT1 (pSYT1 41-52) and SYT2 (pSYT2 49-60)
peptides (S Appendix, Fig. S2), corresponding respectively to the
predicted juxtamembrane glycosphingolipid-binding domain of
SYT1 and 2. Both wild-type (WT) peptides, but not the scrambled
sequences (pSYT scr) (SI Appendix, Fig. S2), interacted with
GTI1b (Fig. 2B). The peptides bound GTI1b better than other
gangliosides (Fig. 2 C and D) such as GM1 and GM3 and did not
bind the sphingolipid lyso-lactosylceramide. The specificity of the
binding was confirmed by SPR using single bilayer liposomes,
immobilized on a hydrophobic sensor chip. For these experiments,
longer SYT peptides (pSYT1 32-57 and pSYT2 40-66), as well as
peptides containing amino acid substitutions (pSYT1 32-57 K43A,
Fu6A, K5oA, pSYT2 40-66 Fs4A, and FssA) that disrupt the con-
sensus site, were synthesized (SI Appendix, Fig. S2). pSYT1 and
pSYT2, but not mutated peptides, interacted with GT1b in lipo-
somes (Fig. 2 E and F). Affinity constants from equilibrium
analysis of peptide interactions with the GT1b-containing lipo-
somes were determined, yielding K;s of 3.1 + 0.2 and 3.3 + 0.7 uM
for pSYT1 and pSYT?2, respectively (n = 4 independent experiments).
No binding occurred to phosphatidylserine- or phosphatidylglycerol-
based liposomes that have negative charges similar to GT1b-
containing liposomes (Fig. 2 E and F), indicating that recognition
of GT1b by pSYT involves more than a simple electrostatic at-
traction via the 3 negative charges of GT1b sialic acid groups.

GT1b Promotes the Formation of an o-Helix in SYT. We performed
circular dichroism (CD) spectroscopy to determine whether
GT1b binding drives conformational changes in SYT. The SYT1
and SYT2 peptides (pSYT1 41-52 and pSYT2 49-60), encom-
passing the sphingolipid-binding domain displayed random
structure in solution (Fig. 3 4 and B, dashed line). In the pres-
ence of GT1b, WT peptides exhibited 2 characteristic minima at
208 and 222 nm typical of an a-helix, while no conformational
change was noticeable with scrambled peptides (SI Appendix,

Table 1. Affinity of BoNT/B for SYT2 and SYT2/GT1b exosomes

Toxin Receptor NaCl, mM Kon (x10* M~1.s7T) Kot (x1074s7) Kq (x107° M) n
BoNT/B SYT2 150 1.5+0.2 5.6 £ 0.1 40.3 + 0.5 6
350 0.8 + 0.1 18.4 + 3.0 228.0 + 31.9 4

SYT2 + GT1b 150 31.0 + 12 1.5+ 0.6 0.5 + 0.05 3

350 0.8 +0.2 3.1+09 52.5 + 19.6 6

Kgs were determined with a 1:1 Langmuir model, as described in Experimental Procedures using buffer
containing physiological (150 mM) or higher NaCl (350 mM) concentrations. n represents independent experi-
ments in 150 mM NacCl conditions and multiple determinations from 2 independent experiments in 350 mM NaCl

condition. Values are means + SEM.
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Fig. 2. SYT interaction with gangliosides. (A) Glycosphingolipid-binding
motif in the juxtamembrane extracellular domain of rat SYT1 and SYT2.
The ganglioside binding motifs of SYT1 and SYT2 are indicated by gray
letters according to the following consensus (K/R/H (X1-4) — F/Y-(X4-5)- K/R/H).
The beginning of the TM domain is underlined with dotted lines. The
continuous line indicates the BoNT/B binding domain. (B) Interaction of
the juxtamembrane extracellular domain of SYT1 and SYT2 with a GT1b
monolayer. The data show the real-time changes of surface pressure fol-
lowing injection of 1 uM of pSYT1 41-52, pSYT2 49-60 peptides or corre-
sponding scrambled peptides (pSYT1 41-52 scr. and pSYT2 49-60 scr.)
beneath GT1b monolayer, prepared at an initial surface pressure of 15 to
17 mN-m~". Each curve is representative of 3 separate experiments (SD <
15%). (C and D) Ganglioside binding specificity of the juxtamembrane ex-
tracellular domain of SYT1 and SYT2. Real-time representation of surface
pressure changes following injection of 1 uM of pSYT1 41-52 and pSYT2
49-60 peptides with monolayers of Lys-LacCer, GM1, GM3, and GT1b (initial
surface pressure of 15 to 17 mN-m~"). Each curve is representative of 3 sep-
arate experiments (SD < 15%). (E) Specificity of SYT1 interaction with GT1b
inserted in bilayer vesicles. DMPC liposomes containing GT1b (4%) or PS or
PG (12%) were immobilized on an L1 sensor chip and pSYT1 32-57 peptides
(black bars) and mutant (pSYT1 32-57 K43A, F46A, KsyA, gray bars) injected
for 1 min at 8 uM. Representative of 2 independent experiments performed
in triplicate. Error bars are SD from triplicates. (F) Specificity of SYT2 inter-
action with GT1b inserted in bilayer vesicles. DMPC liposomes containing
GT1b (4%) or PS or PG (12%) were immobilized on a L1 sensor chip and
pSYT2 40-66 peptides (black bar) and mutants (pSYT2 40-66 Fs4A, FssA, gray
bar) injected for 1 min at 8 uM. Representative of 2 independent experi-
ments performed in triplicate. Error bars are SD from triplicates.

Fig. S3 A and B). Addition of GT1b to the longer SYT?2 peptide
(40-66) used in SPR also induced the formation of an a-helix (S7
Appendix, Fig. S3C). We consequently determined the relative
concentration of ganglioside required to induce structural transi-
tions in SYT?2. The a-helical transition appeared at a molar ratio
of 1:0.5 (peptide:GT1b), reaching a maximum at a molar ratio of
1:3 (SI Appendix, Fig. S3D). Altogether these results indicate that
the extracellular juxtamembrane domain of SYT1 and 2 effectively
binds GT1b and that binding induces a transition from a random to
an o-helical structure.

Modeling of the SYT/GT1b Interaction. To further assess structural
features of the SYT-GT1b complex, we docked GT1b with
SYT1 41-71 and SYT2 45-80 amino acid sequences encom-
passing in continuum their juxtamembrane and TM domains
(Fig. 4). In water, these peptides did not fold into a well-defined
structure and appeared mostly disordered. When mixed with a
model membrane containing ceramide, the TM region of the
peptide formed an a-helix.'When ceramide was replaced by GT1b,
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the extracellular part of the peptide adopted an a-helical structure
that was clearly induced by the carbohydrate part of GT1b
(Fig. 4).

At this stage, the complex displayed a highly complementary
structure with a free binding energy of —167.3 and —168 kJ/mol
for SYT1 and SYT2, respectively. About two-thirds of this en-
ergy (—115.3 and —114) kJ/mol for SYT1 and SYT2, respectively,
corresponds to extramembranous interactions (S Appendix, Fig.
S4B), whereas the remaining third was due to a remarkable fit
between the ceramide part of the ganglioside and the TM region
of SYT peptides (Fig. 4). The sphingosine and fatty acid chains
of the ceramide moiety of GT1b are highly twisted so that they
wrap around the TM domain of SYT (Fig. 4). This configuration
explains why the membrane-embedded region of the complex
has such a high impact (-52/54 kJ/mol) on the energy of in-
teraction of the complex. The complex is stabilized by a combi-
nation of van der Waals forces and hydrogen bonds between the
polar parts of GT1b and SYT1/2, and by van der Waals forces
linking the ceramide part of GT1b and the TM domain of SYT1/2
(SI Appendix, Fig. S4 and Table S2). In addition, Wsg and W of
SYT1 and 2 located at the bilayer interface strongly interacts
with both the glycone and ceramide moieties of GT1b (SI Ap-
pendix, Fig. S44). The minimal distances between SYT1/2 resi-
dues and GT1b, including hydrogen atoms, were in the 2- to 3-A
range (SI Appendix, Table S2), consistent with the high energy of
interaction of each complex (SI Appendix, Fig. S4B).

Involvement of the Ceramide Domain of GT1b in the SYT/GT1b
Interaction. Prompted by the modeling data we probed for a di-
rect interaction between SYT and GT1b in a cis configuration
(i.e., in the same membrane). For this purpose, the C-terminal
part of the extracellular domain of SYT2 was fused to an acyl
group to allow membrane insertion (peptidoliposomes; SI Ap-
pendix, Fig. S54). The acyl group was either a myristyl (Myr) or a
farnesyl group (Far). The rationale was that a Myr group will
mimic the TM domain of SYT, allowing hydrophobic interaction
with the ceramide of GT1b, whereas the Far group will not, due
to lateral methyl groups that should interfere with the docking to
the ceramide part of GT1b (26). Molecular modeling (SI Ap-
pendix, Fig. S5 C, Left and Middle) confirmed the similarity of the
docking between GT1b and both TM-SYT2 and Myr-SYT2. In
contrast and as expected, when the Myr was replaced by a Far
moiety (SI Appendix, Fig. S5 C, Right) the latter docked to the
opposite face of the GT1b ceramide than Myr and the exposed
ceramide face was different.

A B
pSYT1 41-52 pSYT2 49-60
15 1 25 -
===Buffer 20 + ===Buffer

=101 —GT1b ~ 15 —GT1b
g g
T 5 © 10
E E,
a fa)
o0 o 0

-5

-10 T T T -15 T T T

190 210 230 250 190 210 230 250

Wavelength (nm) Wavelength (nm)

Fig. 3. GT1b induces conformational changes in SYT peptides in solution.
Far-ultraviolet CD spectra of the SYT1 (A) and 2 (B) juxtamembrane extra-
cellular peptides in the absence (dashed lines) or presence (solid line) of
GT1b. CD spectra were collected after a 10-min incubation with a molar ratio
of 3:1 (ganglioside:peptide). Each spectrum is representative of 2 or 3 ex-
periments and corresponds to the mean of a triplicate determination.
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A SYT1(41-72)/GT1b SYT2(49-79)/GT1b
kJ/mol

-115

SYT2/GT1b

Fig. 4. Molecular modeling of GT1b complexed with SYT1 and SYT2. (A and B) Molecular models of GT1b complexed with SYT1 (41-72) and SYT2 (49-80) in
sphere (A) or in sphere/ribbon (B) representations. Dashed lines separate the membrane and extramembrane domains. The energy of interaction of each
complex is indicated in A. Critical amino acid residues involved in each complex are indicated in B. Note the kink induced by GT1b in SYT1 and SYT2 (B). In all
cases, GT1b is colored in yellow. In A, the atoms are colored in blue (nitrogen), red (oxygen), green (carbon), and white (hydrogen).

We used spectroscopy to monitor the intrinsic fluorescence of — Appendix, Fig. S5B, solid line and Fig. 5 4 and B, black line) and
a single tryptophan (W) residue, located at the lipid—water  that the nature of the hydrophobic tail of SYT2 has no influence
interface and remarkably sensitive to the polarity of the envi-  on the positioning of SYT2 Wgq relative to the membrane.
ronment. Soluble SYT2 peptide has maximum peak intensity at Whereas addition of lysolactosylceramide to Myr-pSYT2
351 nm (SI Appendix, Fig. S5B, dashed line). Upon insertion of — peptidoliposome had no effect on the spectra (Fig. 54, green
Myr or Far pSYT2 in liposomes the maximum emission peak dotted line), GT1b induced a decrease in fluorescence (24 + 4%,
shifted to 339 nm, indicating that W is partially buried in a n = 4 independent experiments; Fig. 54, red line). This
hydrophobic environment at the interface of the lipid bilayer (SI  quenching of tryptophan fluorescence induced by GT1b is compatible
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Fig. 5. Involvement of the ceramide domain of GT1b in SYT2/GT1b interaction. (A and B) Effect of GT1b on SYT2 Wee fluorescence. Fluorescence spectra of
Myr and Far SYT2 peptides incorporated in liposomes in the absence (black line) or presence (red line) of GT1b at a molar ratio of 3 GT1b:1 peptide. Traces are
means of 3 or 4 independent experiments performed in triplicate. Spectrum of Myr-pSYT2 peptide in liposomes in the presence of lyso-lactosyl ceramide is
illustrated in A (green dotted line). Data were normalized to the relative maximum intensity at the peak wavelength. (C) BoNT/B binding to Myr-pSYT2 and
Far-pSYT2 peptidoliposomes. Peptidoliposomes and liposomes were immobilized on neutravidin chips and BoNT/B was injected for 2 to 3 min at 30 nM with
(upper traces, red) or without (lower traces, black) preaddition of exogenous GT1b. Data were normalized to the maximum response of BoNT/B binding to
peptidoliposomes in the absence of GT1b. Representative of 3 independent experiments performed in duplicate. ko values were measured in the presence of
GT1b and statistics made using nonparametric Mann-Whitney U test P = 0.033. (D) Position of tryptophan 66 determined by molecular modeling of the
interaction of SYT2 with TM-SYT2, Myr-SYT2, and Far-SYT2 with GT1b. When GT1b is complexed with the natural TM domain of SYT2 or with Myr-SYT2, W is
slightly tilted with respect to the main axis of the ceramide part of GT1b. In this configuration, the indole group remains at the membrane surface with very
little insertion. In contrast, in the case of Far-SYT2, W is vertically oriented and significantly dipped in the membrane.
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with the direct interaction scheme presented earlier and espe-
cially the molecular modeling data showing that the Wg6 of Myr-
pSYT2 interacts with the beta-linked glucose ceramide bond of
GT1b and the sia 7 (SI Appendix, Fig. S44). The decrease in
fluorescence intensity observed with GT1b could be due to GT1b
binding inducing a-helix formation in SYT2. The helix would
reduce the distance between W and a charged amino acid such
as Kgo, decreasing electron transfer and thus the emission energy
of tryptophan (27, 28).

Addition of GT1b to Far-pSYT2 peptidoliposomes did not
modify the peak intensity (3.3% of variation, n = 3 independent
experiments) but induced a blue shift from 339 + 1.7 nm to 332 +
1 nm (n = 3 independent experiments), indicating a more hy-
drophobic environment and suggesting that the tryptophan res-
idue penetrates into the lipid bilayer (Fig. 5B, red trace). This
result is consistent with molecular modeling in the presence of
GT1b, where in Myr-pSYT2 the indole cycle of W adopts a
position parallel to the membrane plane, while in Far-pSYT?2 the
same indole cycle is perpendicular to the membrane plane and is
positioned below the membrane surface (Fig. 5SD). These results
suggest that the interaction of the SYT membrane anchor with
the ceramide part of GT1b is involved in the orientation of the
extracellular domain of SYT2.

In light of these findings, BoNT/B binding experiments were
carried out by SPR using Myr and Far-pSYT2 incorporated in
liposomes. In the absence of gangliosides, we observed similar
BoNT/B binding kinetics to both types of peptidoliposomes,
confirming that the accessibility of the SYT2 peptide to BONT/B
is not modified by the nature of the acyl anchor (Fig. 5C, black
traces). The addition of GT1b potentiated BoNT/B binding to
both types of peptidoliposomes (Fig. 5C, red traces) and con-
firmed that the reconstitution system used allows investigation of
the GT1b potentiation of BoNT/B binding. Interestingly, how-
ever, the association and dissociation kinetics of BoNT/B binding
to Far-pSYT2 relative to Myr-pSYT?2 liposomes were modified,
notably with a significant 2.5-fold higher dissociation rate (ko =
74%x 1072 + 1.4s 'and 2.9 x 1073 + 0.6 s7!; results are mean +
SEM) from Far-pSYT2 relative to Myr-pSYT2 liposomes, re-
spectively. Altogether, these results indicate that cis interactions
can occur between SYT2 peptide and GT1b in the same mem-
brane plane and that intramembrane interactions between the
ceramide group and the membrane anchor of SYT2 contribute
to a precise positioning of the extracellular SYT2-GT1b complex
favoring BoNT/B interaction.

Assembly of a SYT-GT1b Complex Plays a Crucial Role in BoNT/B
Binding. To pursue the necessity for preassembly of a SYT-
GT1b complex to constitute the BoNT/B receptor, we sought
to identify a mutation that perturbs SYT binding to GT1b,
without inhibiting SYT binding to BoNT/B in the absence of
GT1b. We focused on SYT1, which has a stronger GT1b re-
quirement for BoNT/B binding. We therefore mutated Ks; in
SYT1, a highly conserved amino acid predicted to interact with
GT1b (Fig. 4B and SI Appendix, Fig. S44) but not with BoNT/B
(9, 16, 18, 19, 29). SPR analysis showed that the K5,A mutation
in pSYT1 32-57 drastically decreased by 63 + 13% (n = 6 in-
dependent experiments) (Fig. 64) its interaction with GT1b,
whereas a mutation in another lysine residue (K43) has no sig-
nificant effect. A control peptide corresponding to the juxta-
membrane extracellular domain of SYT9 (pSYT9 27-53), that
does not contain a consensus ganglioside-binding motif, ac-
cordingly did not show any interaction.

In order to address the effect of Ks,A on BoNT/B binding in
the absence of GT1b, we immobilized both WT and mutant
pSYT1 32-57 on SPR sensor chips (Fig. 68). BoNT/B interaction
with WT pSYT1 produced square signals with very fast k,, and
kofr, characteristic of low-affinity interactions. These signals were
specific as binding of BoNT/E was not detectable (Fig. 6B).
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Fig. 6. The juxtamembrane SYT1 lysine residue (Ks) is crucial for in-
teraction with GT1b and GT1b potentiation of BoNT/B binding. (A) WT or
mutant pSYT1 32-57 peptides were injected for 1 min at 8 pM over liposomes
containing 4% GT1b and SPR signals recorded at the end of the association
phase. Results are mean + SD of 6 independent experiments. One-way
ANOVA followed by Bonferroni's post hoc test was used for statistical
analysis (pSYT1 32-57/pSYT1 32-57 K43A P = 1 [n.s., nonsignificant]; pSYT1 32-
57/pSYT1 32-57 Ks,A P =2.722 x 107 [***]; pSYT1 32-57/pSYT9 P=8.2 x 1078
[***]). (B) Effect of SYT1Ks,A mutation on BoNT/B binding in the absence of
GT1b. BoNT/B (30 nM) was injected for 2 min on pSYT peptides (pSYT1 41-52
and pSYT1 41-52 Ks,A) immobilized on a neutravidin chip and the bind-
ing signal recorded at the end of the association phase. BONT/E (50 nM)
binding (dashed curve) to pSYT1 was not distinguishable from the baseline.
Data are representative of 3 independent experiments. (C) Pull-down assays
were carried out with recombinant GST-SYT1 and the Ks,A mutant immo-
bilized on glutathione-Sepharose beads and incubated with 10 nM BoNT/B
in presence or absence of GT1b. Analysis of pellets by protein staining
confirmed identical amounts of GST-bait proteins. Pellets were analyzed by
immunoblotting to reveal BoNT/B (150 kDa) that was partially reduced
(heavy chain 100 kDa). The mutation decreased binding by 88 + 2% (mean +
SD, n = 4). Results are representative of 3 independent experiments. (D)
BoNT/B binding to full-length WT and Ks,A mutant GST-SYT1 inserted in
liposomes containing GT1b. Proteoliposomes were captured on neutravidin
sensor chips and BoNT/B (30 nM) was injected during 2 min. Results are
representative of 4 independent experiments. SYT1 Ks,A mutation induces a
93 + 10% loss of BONT/B binding taken at 60 s after the end of injection (n =
4 independent experiments; P = 0.01016, 1-tailed Mann-Whitney U test).
Lower dashed traces show no binding of BoNT/B to either SYT proteolipo-
somes in the absence of GT1b.

Although GT1b interaction was significantly inhibited by the
Ks»A mutation, (Fig. 64), surprisingly BoNT/B binding to
pSYT1 32-57 K5,A in the absence of GT1b was enhanced (50 +
3%, n = 3 independent experiments) (Fig. 6B). This effect could
be explained by the mutation annulling electrostatic repulsion
between the positive dipole found in the C-terminus binding
domain of BoNT/B (30) and the positive charge of Ks,.

We then evaluated the effects of the Ks,A mutation in the full-
length protein by pull-down experiments using recombinant
GST-SYT1 in detergent. As expected, BONT/B binding to WT
SYT1 was only observed in the presence of GT1b (Fig. 6C) (31),
whereas the interaction was practically eliminated by the Ks,A
mutation.
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We then investigated by SPR the binding of BoNT/B to full-
length WT and mutated GST-SYT1 Ks,A reconstituted in pro-
teoliposomes and immobilized on SPR sensor chips, in the
presence of GT1b. Although BoNT/B binding to mutant pSYT1
32-57 Ks,A was significantly enhanced in the absence of GT1b
(Fig. 6B), the Ks5,A mutation induced a strong decrease in
BoNT/B interaction with a membrane-inserted full-length pro-
tein in the presence of GT1b. No binding of BoNT/B was ob-
served in the absence of GT1b (Fig. 6D, lower traces). These
data clearly show that when preassembly of a SYT-GT1b complex
is perturbed subsequent BoNT/B binding is strongly reduced. They
are consistent with the proposal that the SYT-GT1b complex
constitutes the BoNT/B receptor.

To further investigate whether BoNT/B binding requires pre-
assembly of a GT1b-SYT complex in a cellular context, we in-
vestigated the effects of the SYT1 Ks,A mutation in PC12 cells.
PC12 cells were transfected with SYT1 or SYT1 Ks,A, loaded
with GT1b and incubated with BoNT/B. The binding of BoNT/B
was virtually abolished in cells expressing SYT1 Ks,A when
compared to control cells expressing SYT1 WT (81.4 + 4.7% of
WT-SYT1 vs. 4.0 + 2.9% of SYT1 Ks,A-transfected cells were
positive for BoNT/B labeling) (Fig. 7 4, B, and D). No BoNT/B
binding (0.0 + 0.0%) was observed on cells transfected with the
same carrier plasmid devoid of SYT (Fig. 74 and D). In order to
exclude the possibility of a potential mistargeting of SYT1 Ks,A
that would hinder BoNT/B binding, we performed orthogonal

>
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SYT1 BoNT/B DAPI
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projections of synaptotagmin labeling in both WT-SYT1 and
SYT1 Ks,A-transfected cells. No apparent differences in the
subcellular distribution of SYT between WT-SYT1 and SYT1
Ks,A-transfected cells were observed (Fig. 7C). These results
support the conclusion that preassembly of a SYT-GT1b com-
plex is required for BONT/B to bind to the cell surface.

Discussion

BoNT/B displays remarkable specificity for peripheral nerve
terminals conferred by 2 receptor molecules: the synaptic vesicle
protein SYT (1 or 2) and the ganglioside GT1b, which although
ubiquitous is particularly enriched in axonal terminals. The C-
terminal domain of BoNT/B contains 2 distinct binding pockets
for 1) an a-helical segment of SYT and 2) a ganglioside (19).
This is consistent with the currently predominant schema for
independent interaction with dual receptors, in which BoNT/B
initially interacts with GT1b then diffuses in the membrane plane
until it meets its protein receptor (20). Binding to SYT would
then ensure toxin internalization through receptor-mediated
endocytosis (21, 32). In this study we first reinvestigated, in a
membrane context, BONT/B binding to each receptor separately
and quantified the increase of affinity due to the presence of
GT1b. Binding of BoNT/B to PC12 cells expressing or not
expressing SYT was addressed in the presence or absence of the
glucosyl-ceramide synthase inhibitor PPMP in order to drasti-
cally decrease ganglioside level in these cells (31). Careful
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Fig. 7. Mutation of the SYT1 juxtamembrane lysine (Ks,A) inhibits GT1b-dependent BoNT/B binding at the surface of PC12 cells. (A) Immunostaining of EGFP
(green) and BoNT/B (red) in PC12ASYT1 cells expressing full-length WT synaptotagmin 1 (SYT1 WT; Top), Ks,A synaptotagmin 1 (SYT1 Ks,A; Middle),, or the
EGFP vector alone (Bottom). Transfected cells were incubated with 10 nM BoNT/B for 45 min, washed, and fixed as described in Experimental Procedures. DAPI
signal (blue) was used to reliably quantify the number of cells. Merge over DIC images is shown at the right. (Scale bars, 10 pm.) (B) Immunostaining of
synaptotagmin 1 (green) and BoNT/B (red) in cells expressing SYT1 WT (Top) or SYT1 Ks,A (Bottom). (Scale bars, 10 pm.) (C) Orthogonal projections
of synaptotagmin 1 labeling in cells transfected with WT synaptotagmin 1 (Top) or Ks,A synaptotagmin 1 (Bottom). (Scale bars, 5 um.) (D) Quantification of
BoNT/B binding cells in each condition. One-way ANOVA followed by Bonferroni’s post hoc test was used for comparisons. Data are expressed as mean + SEM
(n.=74/93 cells positive for BONT/B binding in SYT1 WT transfected cells; n = 3/100 cells positive for BONT/B binding in SYT1 Ks,A transfected cells; n = 0/91 cells
positive for BoNT/B binding in control EGFP vector transfected cells). **P < 0.01; n.s., nonsignificant; SYT1 WT to SYT1Ks,A P = 3.12 x 10725 SYT1 WT to

control EGFP vector P = 3.26 x 1072 SYT1Ks,A to, control EGFP vector P = 1.
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analysis of binding to PC12 cells and membrane vesicles failed to
detect an interaction of BoNT/B with GT1b alone. These find-
ings corroborate previous studies on membrane vesicles or cul-
tured cells not expressing SYT (31, 33-35). Thus, BoONT/B may
bind to GT1b with very low affinity (less than micromolar) and
rapid dissociation kinetics (22) that rule out detection in assays
requiring washing procedures. The absence of BoNT/B binding
detection to membrane-associated GT1b may be due to the fact
that it has a single ganglioside-binding pocket, in contrast to tet-
anus toxin, which has 2 and which displays nanomolar affinity for
GT1b (36, 37).

In contrast, we readily detected BoNT/B binding to SYT2
expressed in PC12 cells depleted of GT1b, whereas in similar
conditions BoNT/B binding to PC12 cells expressing SYT1
cannot be detected in the absence of added gangliosides (31).
We then used exosomes expressing recombinant SYT?2 to quantify
the potentiation by GT1b of BoNT/B binding, in terms of K4 and
kinetic constants. This method has revealed an affinity for BoONT/B
and association/dissociation rate constants, very close to those
found in native membranes (23, 38). SPR measurements in exo-
somes expressing SYT2 indicated a K4 = 40 nM in the absence of
GT1b. The addition of exogenous GT1b led to an 80-fold increase
in affinity. The large increase in the association rate conferred by
GT1b was shown to be dependent on electrostatic interactions as
it was totally abolished by an increase in ionic strength of the
medium. Gangliosides in neuronal cell membranes contribute
strongly to the negative surface charge as they contribute about
75% of plasma membrane sialic acids (39). Moreover, it has been
shown that long-range electrostatic interactions between non-
contacting residues of the binding partners can play a critical role
in the formation of high-affinity complexes (40, 41). Thus, as
suggested earlier, gangliosides in anionic microdomains could
have a major role in increasing BoNT/B affinity for neuronal
membranes through electrostatic interactions involving a positive
pole found in the BoNT/B C-terminal domain (30).

BoNT/B has been estimated to have at least 100-fold higher
affinity for SYT2 versus SYT1 (16, 29), whereas the addition of
GT1b reduces this difference 10-fold (42). Since GT1b enhances
BoNT/B affinity for SYT2 by a factor of 80, by extrapolation
GT1b would increase the affinity of BoNT/B for SYT1 by a
factor of 800. However, it was not possible to quantify the in-
crease in BoNT/B affinity conferred by GT1b to SYT1 as binding
of the toxin to SYT1 in a membrane context and in the absence
of gangliosides is not detectable (31). The fact that the poten-
tiation by GT1b is more pronounced for SYT1 is particularly
important, as SYT1 appears to be the principal BoONT/B receptor
in humans (17).

The fact that we were unable to detect BoNT/B binding to
GT1b alone, and that GT1b appears to act principally by po-
tentiating binding to SYT, along with SPR data showing that
BoNT/B interaction with SYT and GT1b can be fitted with a
1:1 ligand: receptor model, led us to consider the possibility that
BoNT/B binds simultaneously, rather than sequentially, to both
GT1b and SYT. GT1b-dependent binding to SYT occurred in
conditions that severely restrict lateral diffusion, suggesting that
a pool of SYT is in sufficient proximity to GT1b to allow BoNT/B
to simultaneously bind to both coreceptors. This conclusion is in
agreement with independent observations showing that BoNT/B
but also BoONT/A are found associated with their corresponding
receptors in glycolipid-rich microdomains (43-45).

We then identified a consensus site for ganglioside binding
located in extracellular juxtamembrane domains of SYT 1 and 2
and confirmed that peptides covering this region interact directly
with GT1b. The site did not display specificity for any particular
ganglioside, recognizing other major species in the nerve termi-
nal such as GM1, although the strongest interaction was with
GT1b. Interestingly, full-length SYT1 expressed in insect cells
has been reported to bind GM1 and GD3 in lipid overlay assays,
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although the binding domain was not identified (46). We did not
detect any interaction with acidic phospholipids, ruling out a
simple electrostatic interaction between ganglioside sialic acid
and basic residues of the used peptides. The affinity of SYT
peptides for the oligosaccharide moiety of GT1b was about Ky =
3 pM, comparable to that of saposin for GM1 (47). However,
binding parameters measured in a frans configuration using a
soluble peptide do not take into account additional hydrophobic
interactions within the membrane phase.

CD analysis indicated that whereas peptides were unstruc-
tured in solution, GT1b induced an increase in «-helical content
in both SYT1 and 2. These data were consistent with modeling
which showed considerable structural complementarity between
GT1b and the juxtamembrane region of SYT1 or 2. The gan-
glioside can wrap itself around the TM of SYT and interact with
the extracellular juxtamembrane domain of SYT that forms
an o-helix.

The potentiating effect of GT1b on BoNT/B binding to SYT
has only been observed when the 2 receptor components were in
the same membrane plane, be it a micelle, liposome, or native
membrane (31, 34). Experiments monitoring the fluorescence of
an intrinsic tryptophan residue located at the membrane solvent
interface confirmed a cis interaction between GT1b and SYT?2 in
a membrane context. Our data indicated that the nature of the
acyl group anchoring SYT in the membrane modified the envi-
ronment of the tryptophan when GT1b was present, consistent
with hydrophobic interactions between the peptide membrane
anchor and the ceramide moiety. Furthermore, substitution of
Myr by Far, precluding appropriate intramembrane interactions
with ceramide (24, 48), influenced BoNT/B binding, notably by
accelerating dissociation kinetics. These data, associated with
modeling, suggest that interactions between the membrane an-
chors of GT1b and SYT contribute to assembly of the high-
affinity BoNT/B receptor site. The association of SYT TM and
ceramide confirms initial studies suggesting a SYT/GT1b in-
teraction through hydrophobic domains (34).

The involvement of the hydrophobic domains of SYT and
GT1b regarding BoNT/B binding is highlighted by the following
observations: 1) SYT1 binds BoNT/B in presence of GT1b only
when the TM domain is present and 2) the sugar domain of the
ganglioside is not sufficient to potentiate BoNT/B binding to
SYT1 or SYT2 (16, 19, 31). Altogether these results suggest that
the interaction of SYT and GT1b through intramembrane and
extracellular domains is required for BoNT/B binding.

Next we addressed the importance of preassembly of a GT1b-
SYT1 complex for BoONT/B binding. The Ks; residue is located
outside of the reported SYT binding pocket of BONT/B (18) but
within the consensus sequence for ganglioside binding and in-
teracts with GT1b in modeling studies. In fact, we demonstrated
that the Ks;A mutation blocks GT1b potentiation of BoNT/B
binding to full-length SYT1, in vitro or expressed at the surface
of intact PC12 cells. This parallels insulin receptors, which bind
GM3 ganglioside upon export to the plasma membrane. In this
case the first extracellular lysine following the TM domain is also
crucial for ganglioside binding (49).

Structural data show that the short amphipathic helical region,
adjacent to the TM domain of SYT1 and SYT2, interacts with
BoNT/B in a similar manner (18). The strong dependency on
GT1b for BoNT/B binding to SYT1 is thought to be due to the
nature of the amino acids (Lsy and Hs;) located next to Ks,, as
substitution by the corresponding amino acids of SYT2 rescued
BoNT/B binding in the absence of GT1b (9). Our data, showing
that Ks, plays a crucial role in GT1b binding to SYT1, suggest
that the interaction of SYT1 with GT1b reduces the inhibitory
effects of these vicinal amino acids and induces the formation of
an o-helix. Interestingly, a similar phenomenon of a-helix struc-
ture induced by the headgroup of gangliosides has been reported
for a-synuclein (50) and Alzheimer beta amyloid peptide (51, 52).
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Our data suggest that ganglioside could also modulate the sec-
ondary structure of a transmembrane protein. In this case, the
amphipathic helix would provide structural complementarity be-
tween the SYT1 juxtamembrane domain and the SYT binding
pocket of BoNT/B, involving mostly hydrophobic residues and
complementary salt bridges (18, 19).

We thus propose that upon exocytosis of SYT the SYT-GT1b
complex would rapidly assemble, given the large molar ganglio-
side:SYT ratio at the plasma membrane. BoNT/B would then
bind to the N-terminal part of SYT exposed to the extracellular
medium and bound to GT1b (Fig. 8). Alternatively, BONT/B
could bind to a resident plasma membrane pool of SYT (53-55)
preassembled with GT1b. Interestingly, in view of the fact that SYT
can also bind GM1, a similar model could be applied to BoNT/DC,
a botulinum subtype toxin that uses GM1 as a coreceptor with SYT
(56). The simultaneous binding of BoNT/B to a preassembled
coreceptor could thus explain the high affinity and specific binding
to the external surface of the presynaptic membrane.

The current results suggest that GT1b may play a triple role in
BoNT/B binding: 1) as an electrostatic attractor, 2) in the SYT-
GT1b receptor complex, forming and presenting an a-helical
segment to the SYT binding pocket, and 3) in stabilizing the
toxin receptor complex via the ganglioside binding pocket. Fur-
ther studies will be necessary to ascertain what happens when the
toxin meets the assembled SYT-GT1b complex as certain amino
acids crucial for SYT binding to BoNT/B are also involved in the
SYT-GTT1b interaction. Complementary studies are required to
determine whether the toxin could displace the GT1b bound to
SYT and if so whether the hydrophobic loop of BoNT/B posi-
tioned between the SYT and the GT1b binding pockets is involved.

Experimental Procedures
Reagents. All used reagents are listed in S/ Appendix, S| Experimental Procedures.

Cloning. Rat SYT 1 and 2 coding sequences were amplified by PCR from a
commercial Y2H adult rat brain ¢DNA library (Origine) and inserted in the

Extra % BoNT/B
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GT1b 1
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SYT
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Fig. 8. Schematic model for BoNT/B binding to neuronal membranes. (1)
Upon exocytosis, the N-terminal domain of SYT 1 or 2 becomes accessible to
the extracellular milieu. (2) It associates with GT1b that is enriched in the
external plasma membrane leaflet, inducing formation of an a-helix in the
juxtamembrane part of SYT (see zoom in Inset). (3) The positive dipole of
BoNT/B attracted by negative charges of GT1b interacts simultaneously with
GT1b and the SYT-GT1b complex. (4) BoNT/B binding may trigger dissocia-
tion of GT1b from SYT by an induced fit mechanism. The cartoon uses ad-
aptations of the following images: BONT/B image was adapted from Protein
Data Bank (PDB) ID code 1F31; SYT1 C2A from PDB ID code 5VFE, C2B from
PDB ID code 5VFF, SYT1 TM from PDB ID code 2L8S, and clathrin from PDB ID
code 3LVH. The position of binding pockets is schematic.
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bicistronic vector encoding PIRES-EGFP (Clontech). SYT 2 was inserted in
nonmodified PIRES-EGFP and a myc tag was included in the reverse primer to
generate a C-terminally tagged SYT2. SYT1 was inserted between EcoR1 and
Sal1 sites in modified PIRES2-EGFP in which a myc tag was inserted at the
beginning of the multiple cloning site between Xho1 and EcoR1. Directed
mutagenesis was then used to introduce the Ks,A mutation in SYT1 and
SYT2, respectively. For GST constructs, SYT1 coding sequences were inserted
between EcoR1 and Sal1 sites of pGEXAT (GE Healthcare).

Recombinant Protein Expression. GST-SYT1 was expressed in BL21 Escherichia
coli following classical procedures and purified on Glutathione Sepharose in
20 mM Tris-HCl, pH 7.4, 140 mM NaCl, and 0.1% Triton X-100 buffer.

Exosomes. Exosomes expressing SYT2 and AMA1 were produced and purified
as described earlier (23) and kept frozen before use.

Liposomal Preparations. Liposomes for SPR lipid-binding specificity experi-
ments: Liposomes were prepared using mixtures of DMPC (1,2-dimyristoyl-
sn-glycero-3-phosphocholine) with 4% GT1b, 12% PS or 12% PG or 100% of
DMPC for control liposomes (850 nmol). Solvent was evaporated and lipids
rehydrated in TBS (25 mM Tris-HCl, pH 7.4, and 150 mM Nadl). Liposomes were
prepared by extrusion at 55 °C through 100-nm polycarbonate filters using a
basic Lipofast apparatus (Avestin). For peptidoliposomes and proteoliposomes
see SI Appendix, SI Experimental Procedures.

Langmuir Balance. SYT peptide binding to gangliosides was determined using
the Langmuir-film balance technique essentially as previously described using
a fully automated microtensiometer (uTrough SX; Kibron Inc.) (57). Briefly,
interactions were monitored at 20 + 1 °C by surface pressure modification of
monomolecular films of gangliosides resuspended in chloroform/methanol
(1:1 volivol) and spread on pure water subphases (800 uL). The initial surface
pressure of the monolayers was set between 12 and 15 mN/m and the ac-
curacy of measurement conditions was +0.25 mN/m. SYT peptides were in-
jected (final concentration of 10 pM) into the aqueous phase underneath the
ganglioside monolayer until equilibrium was reached and kinetics of surface
pressure changes were followed by real-time measurements. Data were
analyzed with the FilmWareX program (version 3.57; Kibron Inc.).

CD. CD spectra were obtained at 20 °C in 1-mm-path-length quartz cuvettes
using a JASCO model J-810 spectropolarimeter. Thirty micromolar SYT
peptide solutions were prepared in filtered 10 mM phosphate buffer, pH 7.6.
Gangliosides were added at a final concentration of 90 pM unless otherwise
indicated and samples were incubated 10 min before CD analysis.

CD spectra were obtained between 190 nm and 260 nm at 1-nm intervals.
Each CD spectrum shown is the average of 3 scans with a scanning speed of
20 nm/min. The spectra were corrected for contributions from buffer and
GT1b as appropriate. Data analysis was carried out using the online
Dichroweb platform (58, 59) combined with the CDSSTR algorithm. For all CD
spectra, the NRMSD parameter (a normalized SD for each curve fit) was
below 0.1.

Fluorescence Spectroscopy. Fluorescence spectra were recorded on a Cary
Eclipse fluorescence spectrofluorimeter (Varian) with emission and excitation
slit widths of 5 nm. Peptidoliposomes containing Myr-SYT2 or Far-SYT2 were
diluted in TBS in a total volume of 0.5 mL and the intrinsic fluorescence of
SYT2 was recorded in the absence or presence of GT1b or lyso-lactosyl
ceramide (23 pM) that were added exogenously with a ganglioside/pep-
tide ratio (mole/mole) of 3. Excitation wavelength was 278 nm. Emission
spectra were recorded from 300 to 400 nm, averaging 3 scans. All of the
spectra were corrected for the fluorescence of the corresponding blank
(liposomes + GT1b).

Immunofluorescence Staining. PC12 cells deficient in SYT1 and 2 (PC12ASYT1)
were cultured on poly-L-lysine-treated (10 pg/mL) coverslips (300,000 cells
per well) in Dulbecco’s modified Eagle’s medium (DMEM) containing 5%
fetal bovine serum, 5% horse serum, and 1% penicillin/streptomycin mix-
ture. Where stated, 7.5 pM of the “glucosyl-ceramide synthase” inhibitor
PPMP was added to the culture medium for 48 h. Cells were transfected with
the corresponding plasmids (pIRES-EGFP, pIRES-EGFP-SYT1, or pIRES-EGFP-SYT2)
using Lipofectamine 2000 and following the manufacturer’s procedure. Forty
hours after transfection and when appropriate GT1b (10 png/mL) was added to
the wells in DMEM and incubated for 1.5 h at 37 °C. BoNT/B at the indicated
concentrations or a mixture of BoNT/B and anti-SYT2 antibody (8G2b 1 pg/mL)
were then added to the culture medium and incubated for 45 min at 37 °C.
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After a first wash with the culture medium, additional washes were performed
with phosphate-buffered saline (PBS) and cells were fixed in the dark at 4 °Cin
4% paraformaldehyde/PBS followed by NH4Cl washing steps. Nonspecific
binding was blocked with 0.2% (wt/vol) gelatin or 5% (vol/vol) goat serum in a
PBS buffer containing 0.1% saponin. Anti-BoNT/B (0.5 pg/uL), anti-GFP (2 pg/mL),
1D12 anti-SYT (1 pg/mL), or anti-GT1b (1:1,000) antibodies were then
added for 45 min at 22 °C. After subsequent washing, staining was visualized
using secondary anti-rabbit Alexa 594 or 555 and anti-mouse Alexa 647-nm or
488-nm antibodies. Nuclei were detected using DAPI.

Confocal Microscopy and Quantitative Analyses. Confocal images were ac-
quired on a Zeiss LSM780 microscope and analyzed using Imagel (https://
imagej.nih.gov/ij/). PPMP effects were presented as ratios of relative in-
tensities to mean fluorescence values obtained in the absence of PPMP.
Results are shown as mean + SD and statistical analysis were done using
Mann-Whitney U test. Results of BoNT/B binding to nontransfected, WT
SYT1 and mutant SYT1-Ks,A expressing PC12 were presented as means +
SEM and 1-way ANOVA followed by Bonferroni’s post hoc test was used
for comparisons.

Cellular ELISA. PC12 cells (300,000 per well) were cultured directly on plastic
24-well plates pretreated with poly-L-lysine (10 pg/mL). Cells were transfected
with SYT2 or carrier vector and treated when appropriate with PPMP as for
immunofluorescence experiments. BONT/B (5 nM) or a mixture of BoNT/B
and the neutralizing anti-BoNT/B antibody (100 nM) were then added to the
culture medium and incubated for 1 h on ice. Cells were washed with PBS
and fixed at 4 °C in 4% paraformaldehyde/PBS. A 45-min consecutive
blocking step with 0.056% saponin and 0.2% gelatin in PBS was preceded by
2 x 5-min NH4Cl washing steps. Anti-BoNT/B (0.5 pg/uL) was then added for
1 h at 22 °C in the blocking buffer. Three washing steps were performed
with the blocking buffer before adding the secondary HRP-coupled anti-
rabbit antibody for an additional hour at 22 °C. Cells were washed 5 times
with the blocking buffer and the HRP substrate TMB was added. The col-
orimetric reaction was stopped by H,SO, and the optical density measured
at 450 nm.

Molecular Modeling. In silico analyses were performed using Hyperchem and
Molegro Molecular viewer as described (60). The initial coordinates of GT1b
were obtained from CHARMM-GUI Glycolipid Modeler (http://www.charmm-
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gui.org/?doc=input/glycolipid; ref. 61), which uses the internal coordinate
information of common glycosidic torsion angle values, orients the gangli-
oside perpendicular to the membrane, and performs Langevin dynamics
with a cylindrical restraint potential to keep the whole GT1b molecule cy-
lindrical. In the next step, we included GT1b in a periodic box (30 x 30 x 50 A)
solvated with 1,487 water molecules. The system was energy-minimized
6 times switching alternatively between runs using steepest descent gradi-
ents or Polak-Ribiére conjugate gradients until convergence to machine
precision. GT1b was then merged with energy-minimized SYT1 or SYT2
peptides generated de novo with the amino acid database of Hyperchem.
Initial conditions of SYT 1/2 and GT1b (sphingosine/C18:0) corresponded to
minimized structures obtained with the Polak-Ribiére algorithm. Docked
SYT-GT1b complexes were subsequently submitted to iterative cycles of
molecular dynamics using the CHARMMS36 force field optimized for sphingolipids
(62) and carbohydrates (63). Interaction energies were calculated from sta-
ble complexes after several 10-ns cycles using the Ligand Energy Inspector
function of Molegro.

SPR. SPR measurements were conducted at 25 °C at a flow rate of 30 pL/min
on a Biacore 3000 or Biacore T200 (GE Healthcare Life Sciences). For details
see SI Appendix, SI Experimental Procedures.

Pull-Down Experiments. GST and GST-SYT1 (10 pg) were immobilized on
glutathione Sepharose 4B resin. Washed beads were incubated in TBST
(25 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1% Triton X-100) with BoNT/B
(10 nM) for 1 h at 4 °C, in the presence or absence of GT1b (25 pg/mL). The
beads were washed and bound proteins boiled 5 min in SDS-sample buffer
containing 10 mM dithiothreitol and analyzed by immunoblot using anti-
BoNT/B antibody at 0.5 pg/mL (Metabiologics). Red Ponceau detection
was used to ensure that equal amounts of bait protein were captured on
the beads.
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