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Botulinum neurotoxin E (BoNT/E) is one of the major causes of human botu-

lism and paradoxically also a promising therapeutic agent. Here we deter-
mined the co-crystal structures of the receptor-binding domain of BoNT/E

(HcE) in complex with its neuronal receptor synaptic vesicle glycoprotein 2A
(SV2A) and a nanobody that serves as a ganglioside surrogate. These struc-
tures reveal that the protein-protein interactions between HcE and SV2 pro-
vide the crucial location and specificity information for HcE to recognize SV2A
and SV2B, but not the closely related SV2C. At the same time, HcE exploits a
separated sialic acid-binding pocket to mediate recognition of an N-glycan of

SV2. Structure-based mutagenesis and functional studies demonstrate that
both the protein-protein and protein-glycan associations are essential for
SV2A-mediated cell entry of BoONT/E and for its potent neurotoxicity. Our
studies establish the structural basis to understand the receptor-specificity of
BoNT/E and to engineer BoNT/E variants for new clinical applications.

Botulinum neurotoxins (BoNTs) are the causative agents of the
neuroparalytic disease botulism'? There are seven major BoNT ser-
otypes (termed BoNT/A-G), among which BONT/A and BoNT/B are
approved by the FDA for clinical and esthetic indications**. The
extraordinary potency of BoNTs relies on highly specific recognition
and uptake by motor neurons®. A widely accepted dual-receptor
model suggests that the receptor-binding domain (Hc) of BoNTs
synergistically binds complex gangliosides and specific protein
receptors on the neuron surface’°. Complex gangliosides are pre-
sent abundantly on nerve cells and serve to enrich toxins, and most
BoNTs possess a highly conserved ganglioside-binding “SxWY”
motif'’. However, BoNTs have developed diverse binding strategies
for their corresponding protein receptors. For example, BONT/A and
BoNT/B exploit distinct protein receptors™™, which may contribute
to their differences in pharmacological and clinical profiles. BONT/E

has recently emerged as a promising new drug candidate due to its
faster onset of action and shorter duration of effect when compared
to BoNT/A and BoNT/B!*%,

At the molecular level, BONT/E recognizes synaptic vesicle gly-
coprotein 2 (SV2)*?, a family of 12-transmembrane domain proteins
that also serve as receptors for BONT/A'*, BONT/D?, BONT/F***°, and
the related tetanus neurotoxin®’. SV2 comprises three homologous
isoforms, SV2A, 2B, and 2C, in mammals. Despite their similar primary
sequences (-60% identity), only SV2A and SV2B, but not SV2C, are able
to mediate the cell entry of BoNT/E into cultured hippocampal and
cortical neurons®, although it remains to be validated whether SV2C in
motor neurons may still function as a receptor for BONT/E* ., This is in
sharp contrast to BoNT/A, which is able to use all three SV2 isoforms
for cell entry”. As the three SV2 isoforms have different tissue dis-
tributions in human®~, the different specificities toward SV2 isoforms
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between BoNT/E and BoNT/A can contribute to potential differences in
pharmacological and therapeutic features.

How BoNT/E manages to distinguish SV2C from SV2A and SV2B
remains a mystery. Prior studies revealed that the receptor-binding
domain of BoNT/A (HcA) recognizes the open edge of the most
C-terminal (3-strand of the quadrilateral B-helix fold of SV2C luminal
domain as well as the core saccharides of a neighboring N-glycan of
SV2C, which together form a composite binding site for HcA™'*3¢7%8,
However, the receptor-binding domain of BoNT/E (HcE) has an
8-amino acid deletion and many substitutions at the homologous
HcA-like SV2-binding site (Supplementary Fig. 1a), suggesting that
BoNT/E exploits a distinct yet unknown mechanism to recognize SV2A
and SV2B.

In this study, we designed and characterized a fusion protein
composed of the luminal domain of human SV2A and SV2C that
maintains an SV2A-like binding capacity to BoNT/E (named SV2Ac).
We also designed a fusion protein consisting of SV2Ac and a single-
domain camelid antibody (a.k.a. VHH or nanobody, named G6) that
binds to the ganglioside-binding site on HcE and acts as a ganglioside
surrogate to enhance HcE-SV2A association. We then determined
two crystal structures of HcE in complex with SV2Ac-VHH and
SV2Ac-VHH plus sialic acid. These structures reveal that BoNT/E
simultaneously recognizes both specific protein segments and an
N-glycan of SV2A at two separated HcE sites. Complementary bio-
physical, cellular, and functional studies demonstrated that BONT/E
specifically recognizes SV2A and SV2B, but not SV2C, via the
protein-protein interface, while it also grips the tip of the SV2 glycan
at a distant site that strengthens the association. Both of the
protein-protein and protein-glycan-binding modes between BoNT/E
and SV2A are distinct from that between BoNT/A and SV2C*". These
findings provide the structural basis to facilitate the therapeutic
development and engineering of BONT/E for novel neurotoxin pro-
ducts, as well as to inform new strategies for developing BoNT
inhibitors.

Results

VHH-G6 blocks ganglioside binding of BONT/E

We expressed and purified the fourth luminal domain of human SV2A
(residues F487-E581, referred to as SV2A-L4), which we previously
identified as the BoNT/E-binding fragment>?®, as a secreted and
glycosylated protein from human embryonic kidney 293 cells
(HEK293)"**, However, HcE was found to poorly bind SV2A-L4 and
their interaction was barely detectable using a pull-down assay,
making it unsuitable for structural studies. We hypothesized that the
low affinity between HcE and SV2A-L4 was due to the lack of co-
receptor gangliosides that are known to be essential for the cell entry
of BONT/E»***, Complex gangliosides are present abundantly on
nerve cell surfaces and serve to enrich toxins during the crucial early
stage of cell binding. As BoNT/E-receptor recognition on cell
surfaces relies on two receptors, we set out to explore a strategy to
enhance SV2A binding to HcE by conjugating SV2A-L4 with a
ganglioside-mimicking component. Such an engineered protein
should then bind HcE in a manner resembling the dual recep-
tor recognition of BoNT/E. To this end, we sought to identify a VHH
that recognizes the ganglioside-binding site on BONT/E as a surro-
gate for gangliosides.

We have developed numerous BoNT-binding VHHs as
reagents and countermeasures, especially for BoONT/A, B, and E
which cause the majority of human intoxications*>*. Among
many BoNT/E-targeting VHHs, we focused on VHH-JLE-G6 (refer-
red to as G6), which neutralizes BoNT/E toxicity and displays high
affinity binding to HcE*2. We found that G6 markedly reduced the
binding of HcE to liposomes containing complex ganglioside
GTlb in a co-sedimentation assay, suggesting that G6 likely
competes with GTlb for HcE binding (Fig. 1a). To better

understand the neutralizing mechanism of G6, we determined the
co-crystal structure of an HcE-G6 complex at 3.23 A resolution
(Fig. 1b and Supplementary Table 1). This structure reveals that
the complementarity-determining region 3 (CDR3) of G6 forms
extensive interactions with the C-terminal subdomain of HcE
(HccE) via a network of hydrogen bonds complemented with salt
bridges and hydrophobic interactions, while the CDR1 and CDR2
do not directly bind HcE (Fig. 1c). Since the ganglioside-binding
modes are highly conserved among different BONT serotypes, we
did structural modeling based on the published structures of HcA
and HcB in complex with gangliosides and found that G6 residues
V104 and L102 bind to HcE at sites that should otherwise
accommodate Gal4 and Sia5 of GT1b%"***", As a result, HcE resi-
dues W1224 and Y1225, which are part of the highly conserved
ganglioside-binding “SxWY” motif, are blocked from binding
gangliosides (Supplementary Fig. 1b). This finding is also con-
sistent with the structure of HcE-ganglioside complex that was
published during the preparation of this manuscript (Fig. 1d)*.
Furthermore, we previously reported that mutating HcE-W1224
was sufficient to abolish its ganglioside binding®®?%. These results
demonstrate that G6 occupies the ganglioside-binding site on
HcE and blocks ganglioside binding, leading to BoNT/E
neutralization.

SV2A-Gé6 fusion protein mimics the dual receptors of BoONT/E
Earlier studies focusing on HcA and HcB demonstrate that the
binding sites for their protein receptors and gangliosides are located
in two separated but neighboring areas on Hc (Supplementary
Fig. 1c, d)® 4" We found that the structure of the G6-bound HcE is
virtually identical to that in complex with GDla (root mean square
deviation, r.m.s.d. -0.38 A over 359 aligned Ca pairs)‘s. Therefore, we
hypothesized that G6 could be used as a ganglioside surrogate to
facilitate SV2A binding to HcE when G6 and SV2A are properly con-
nected with a flexible peptide linker because such a fusion protein
would allow synergistic binding of G6 and SV2A to HcE in a way
resembling the dual receptor binding. Guided by the structure of the
HcE-G6 complex, we designed a fusion protein in which G6 (residues
Q1-S129) was linked to the C-terminus of SV2A-L4 because the
N-terminus of G6 is closer to HcE than its C-terminus (Fig. 1e). We
employed a 10-amino acid flexible linker that should have sufficient
length for SV2A-L4 to sample a large area on HcE surface for binding.
To validate this design, we first designed a mutated G6 that carries
double mutations D100A/D115A on its CDR3 (termed G6*) to dras-
tically weaken its binding to HcE (Fig. 1f). We rationalized that a
properly designed SV2A-G6** fusion protein that structurally allows
the simultaneous binding of both weak binders would display sub-
stantially enhanced avidity due to the bivalent binding, while an
improperly designed fusion protein in which only one component
could bind would display poor affinity. Using a pull-down assay, we
found that the glycosylated SV2A-G6** expressed in HEK293 cells
strongly interacted with HcE (Fig. 1g), suggesting that SV2A-G6™
successfully mimics the dual-receptor binding to HcE in vitro. Inter-
estingly, we observed that SV2A-G6™* robustly bound HcE at neutral
pH (e.g. 7.5), but not at acidic pH (e.g. 4.6 and 5.0) (Fig. 1g), which is
similar to BoNT/A binding of SV2C**° but different from the pH-
independent binding between BoONT/B and its receptor
synaptotagmin®.

Engineering a SV2A-SV2C chimera capable of binding to HcE

We carried out systematic screenings of co-crystallization of HcE in
complex with SV2A-G6 in which the wild-type (WT) G6 was used to
further enhance complex stability. However, despite extensive efforts,
we were unable to obtain high-quality crystals for diffraction studies,
which we identified was largely due to the tendency of SV2A-L4
to aggregate in solution. Interestingly, the recombinant SV2C-L4 is
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Fig. 1| Structure of the HCE-G6 complex and the designs of SV2A-G6 fusion
protein. a HcE pre-incubated with or without G6 was incubated with liposomes
containing 70/20/10 mol% BrPC/DOPS/GTIb. After liposomes were pelleted, HcE
and G6 in the input (I), supernatant (S), and pellet (P) fractions were analyzed by
SDS-PAGE and Coomassie blue staining (a representative result is shown, n=3).
b Cartoon representation of the HcE-G6 complex with HcE colored in lemon and
G6 in pink. The N- and C-terminal subdomains of HcE are referred to as HcnE and
HccE, respectively. ¢ A close-up view of the interface between HcE and G6 is
highlighted in the blue box in (b). Key interacting residues are shown as sticks. d G6
occupies the ganglioside-binding pocket on HcE. The G6-bound HcE (lemon

cartoon) is superimposed with the GDla-bound HcE (gray cartoon) (PDB: 70VW).
G6 and GD1a are shown as a pink surface model and a cyan stick model, respec-
tively, and two crucial ganglioside-binding residues W1224 and Y1225 are shown as
sticks. e A schematic diagram showing the design of an SV2A-G6 fusion protein.
f The G6** mutant (D100A/D115A) showed no detectable binding to HcE in a pull-
down assay with HcE as prey and the His/SUMO-tagged G6"" or G6** as bait. g HcE
recognizes SV2A in a pH-dependent manner. Biotin-labeled SV2A-G6** as bait
could pull down HcE at pH 7.5, but not pH 4.6 or 5.0. Representative results are
shown in panels (a), (), and (g) (n=3).

mono-dispersed and has excellent biochemical behavior®. As SV2A-L4
and SV2C-L4 are homologous to each other, we sought to develop an
SV2A-SV2C chimera that has improved biochemical behavior over
SV2A-L4 while maintaining the SV2A-like binding with HcE. To this end,
we designed a series of SV2A-SV2C chimeras in the context of the
SV2A-G6* fusion protein by swapping fragments of SV2A and SV2C,
expressed them in HEK293 cells, and then examined their biochemical
features and interaction with HcE (Fig. 2a). We found that a chimera
composed of the N-terminal segment of SV2C-L4 (V473-K518) and the
C-terminal segment of SV2A-L4 (E533-E581) maintained SV2A-like
binding to HcE based on the pull-down assay (termed SV2Ac-G6™),
and it was mono-dispersed in solution (Fig. 2b, c). In comparison,
another chimera composed of residues V473-1538 of SV2C and
N553-E581 of SV2A (SV2Ac'-G6*), as well as the stand-alone SV2C,
SV2Ac, SV2Ac!, SV2A, or SV2C-G6* did not show detectable binding to
HcE in this assay (Fig. 2c). These results suggest that most of the
HcE-interacting region is located in the middle to C-terminal portion of
SV2A-14.

To further validate this finding with full-length SV2 in neurons, we
expressed SV2A containing either the wild-type SV2A-L4 or SV2Ac-L4
via lentiviral transduction in cortical neurons cultured from SV2A/B
double knockout (KO) mice. These neurons mainly express SV2A and
SV2B, but not SV2C***, We found that expression of SV2A and SV2Ac
mediated similar levels of HcE binding to neurons (Fig. 2d). Further-
more, both SV2A and SV2Ac were able to mediate cell entry of BONT/E
and BoNT/A, resulting in cleavage of their neuronal substrate SNAP-25

(Fig. 2e and Supplementary Fig. 2). Taken together, these results
demonstrate that SV2Ac maintains an SV2A-like binding capacity to
BoNT/E on neurons.

The structure of HcE in complex with SV2A
After prolonged efforts to rationally design and optimize a unique
molecule that mimics the dual receptors of BONT/E, we successfully
determined the crystal structure of HcE in complex with SV2Ac-Gé6 at
2.59 A resolution (Supplementary Table 1). There are two pairs of
identical HcE-SV2Ac-G6 complexes in one asymmetric unit, with
each HcE bound with one molecule of SV2Ac and one G6 (Fig. 3a, b).
The peptide linker between SV2Ac and G6 has no visible electron
density, indicating a highly flexible conformation. Gé, in the context
of SV2Ac-G6 fusion protein, binds HcE in the same manner as the
stand-alone G6, which further demonstrates that the peptide linker
did not constrain SV2Ac and G6 association with HcE (Supplemen-
tary Fig. 3a).

The structure of SV2Ac-bound HcE is virtually identical to that in
the context of BoNT/E holotoxin (PDB: 3FFZ, r.m.s.d. 0.4 A over 357
aligned Ca pairs)®, suggesting the SV2-binding interface is largely pre-
organized on BoNT/E. SV2Ac adopts a right-handed, quadrilateral 3-
helix fold, which is highly similar to SV2C-L4 observed in the
HcA-SV2C complex with a r.m.s.d. of -0.3 A between comparable Cx
atoms (PDB: 5JLV)*. However, HcE binds to the side of the B-helical
bundle of SV2Ac, which is in contrast to HcA which recognizes the
open edge of the C-terminal B-strand of SV2C-L4 (Supplementary
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Fig. 2 | An engineered SV2A-SV2C chimera maintains an SV2A-like binding to
BoNT/E. a A schematic diagram showing the designs of SV2A-SV2C chimeras
where the sequences of SV2C-L4 and SV2A-L4 are shown as blue and red hollow
bars, respectively. The structure of SV2C-L4 is shown as a blue cartoon with resi-
dues K518, 1538, N559, and the N559 glycan shown as sticks (PDB: 5JLV. b The chi-
meric SV2Ac-G6** fusion protein is mono-dispersed in solution based on a gel-
filtration analysis. ¢ A pull-down assay was performed using HcE as prey and the His-
tagged SV2-L4 or SV2-G6** fusion proteins as baits. Only SV2A-G6™* and
SV2Ac-G6* were able to pull down HcE (indicated by asterisks), but not other
SV2-G6™ fusion proteins or the stand-alone SV2-L4 variants. A representative

result is shown (n=3). d and e The full-length SV2A and SV2Ac were expressed via
lentiviral transduction in mouse cortical neurons cultured from SV2A/B double
knockout (KO) mice. Neurons were exposed to HcE (5 min) (d) or BONT/E at the
indicated concentration (24 h in medium) (e). Cell lysates were harvested and
analyzed by immunoblot assays. The synaptic vesicle protein, Synaptotagmin 1
(Syt-1), was detected as a loading control. The SNAP-25 antibody can detect both
the full-length SNAP-25 and the fragment generated after cleavage by BONT/E
(marked with *). SV2A(+/+)/SV2B(-/-) neurons were analyzed in parallel as a posi-
tive control. A representative result is shown (n=2). Source data are provided as a
Source Data file.

Fig. 1c)"*™. This binding mode is consistent with our biochemical data
showing that replacing the N-terminal region of SV2A with SV2C-like
residues did not affect HcE binding (Fig. 2c).

The SV2Ac-binding interface on HcE is -544 A2, which is com-
pletely located on HccE. It is composed of a central core interface
involving extensive hydrogen bonds and hydrophobic interactions
that are mediated by residues A1154, T1157, H1158, L1159, and F1160 of
HcE and residues N513, G514, R515, 1517, E533, and Y535 of SV2Ac
(Fig. 3c), and a separated interface where HcE residues R1100 and
K1102 establish hydrogen bonds with SV2Ac residues E537, Y557,
N558, H578, and N579 (Fig. 3d and Supplementary Fig. 3c and
Table 2). Consistent with the structural findings, mutating HcE resi-
dues associated with this interface, such as HCER!0C, HERH00C/KU02G)
HcEHuSSG, HcETHS7A/HHSSG, and HCEA1154G/F116OG abrogated blndlng to
SV2Ac-G6* in pull-down assays, which will be further discussed in a
later section (Supplementary Fig. 3e). We also noticed a second
interface between HcE and SV2Ac that we attributed to a non-
physiological crystal packing effect based on our observation that
mutating key HcE residues at this interface, such as K1173, N1207, and
N1208, did not affect its interaction with SV2Ac-G6* in pull-down
assays (Supplementary Fig. 3b, d, e). On SV2Ac, all HcE-interacting
residues are located on one side of the B-helical bundle, and they are
all native SV2A residues except for two amino acids located on the
SV2C part of the chimera. Specifically, residue G514%V**¢ (equivalent
to D514%¥* and G500°*°) forms a main-chain-mediated hydrogen
bond with HcE-H1158; R5155V2A¢ (equivalent to R5015V%), which forms
a hydrogen bond with HcE-L1159, has a homologous substitution
K515 on SV2A (Fig. 3¢c). When we replaced D514%"** with an SV2C-like
Gly, D514G%¥* could still maintain WT-like binding to HcE (Supple-
mentary Fig. 3f), and structural modeling showed that a Lys at

R515%¥?4¢ would not affect HcE binding. Therefore, SV2Ac mimics the
WT SV2A when recognizing HcE.

BONT/E grips the sialic acid of SV2A glycan

In prior studies, we demonstrated that an N-glycan that is highly
conserved on SV2A (N573), SV2B (N516), and SV2C (N559) across ver-
tebrates is crucial for cell entry of BONT/A and BoNT/EP*~., In our
structure of the HCE-SV2Ac-G6 complex, we only observed the elec-
tron density for the core N-acetylglucosamine (NAG) of this crucial
glycan linked to SV2A-N573 (Supplementary Fig. 4a). Notably, this NAG
is pointing away from the protein-protein interface between HcE and
SV2A (Fig. 4a), and given this binding mode, the rest of SV2A-N573
glycan core is unlikely able to interact with the neighboring HcE resi-
dues. This is in sharp contrast to the glycan-binding mode of HcA in
which the quadruple-saccharide core of the N-glycan attached to
SV2C-N559 is located next to the protein-protein interface where it
can be conveniently gripped by HcA via extensive interactions to
enhance protein-based HcA-SV2C binding (Supplementary Fig. 1c)".
These findings suggest that the SV2A-N573 glycan may adopt an
unconventional HcE-binding mode that is technically challenging to be
defined by co-crystallization. This study was further complicated by
the appearance of SV2Ac-G6 as smeared bands on SDS-PAGE gels
representing heterogeneous glycoforms (Fig. 2c). This was not unex-
pected as recombinant glycoproteins expressed in HEK293 cells typi-
cally contain heterogeneous glycosylation under over-expression
conditions™*.

During late-stage structure refinement, we noticed electron den-
sities for an unknown molecule located in a pocket formed by four
tyrosine residues (e.g. Y879, Y881, Y891, and Y1041) at the N-terminal
sub-domain of HcE (HcnE), which is about -25 A away from N573 of
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Fig. 3 | Overall structure of the HCE-SV2Ac-G6 complex. a Cartoon repre-
sentation of the HCE-SV2Ac-G6 complex (HcE, lemon; SV2Ac, orange; G6, pink).
HcE engages the protein moiety of SV2Ac mainly through two loops on its HccE
domain (teal and purple boxed areas). The dotted line indicates the flexible linker

R1100\/
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e &
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K1102

between SV2Ac and G6 that was invisible in this structure. b The HcE-SV2Ac
interface is viewed from a different angle. ¢ and d Close-up views of the interfaces
between HcE and SV2Ac that are highlighted in purple and teal boxes in (a, b) with
key interacting residues shown as sticks.

SV2A (Supplementary Fig. 4b). Coincidentally, our earlier studies
found that mutating residues Y879 or Y1041 on BoNT/E to alanine led
to a dramatic 99% reduction of its neurotoxicity®. That observation
could not be readily explained by any known mechanism, because all
the known protein receptor- and ganglioside-binding sites are located
on HccE’. Based on structural modeling studies, we found that a
complex type of N-glycan attached to N573 of SV2A given the structure
of the HCE-SV2Ac complex could reach this distant pocket on HcnE
(Supplementary Fig. 4c)****. Moreover, we noticed that, besides the
four Tyr residues, there are several other hydrophobic HcE residues
(e.g., Y926 and H1247) in this area that are also well-suited for carbo-
hydrate binding. Taken together, we hypothesized that this unknown
density could represent the distant portion of the SV2A-N573 glycan
chain, which had a low occupancy at this remote site partly due to
glycan heterogeneity.

The obscure electron density observed for this putative glycan
indicated weak interactions that would be impractical to be char-
acterized by direct binding studies. We, therefore, carried out sys-
tematic crystal soaking screens using component sugars of a typical
complex type N-glycan, including monosaccharides sialic acid
(Neu5Ac), N-acetylglucosamines (GIcNAc), galactose (Gal), and a dis-
accharide N-acetyl-p-lactosamine (GalB1-4GIcNAc, LacNAc) that is the
smallest repeating unit in most N-glycans. Based on a 2.77 A resolution
structure of a sialic acid-soaked HcE-SV2Ac-Gé6 crystal, we could
clearly see a sialic acid occupying this mysterious pocket on HcnE
(Fig. 4a and Supplementary Table 1). The electron densities at this site
for all other sugars that were carried out in parallel crystal soaking
studies were similar to the un-soaked crystals and could not be mod-
eled. Structurally, this sialic acid is sandwiched between Y879 and
Y1041 on HcnE, surrounded by Y881, Y891, and H1247, and with asso-
ciations further strengthened by several hydrogen bonds with R922
and N988 on HcnE and G124 8 of HecE (Fig. 4b). These BONT/E residues
are discontinued in the primary sequence, but converge in 3D to form
a pocket that accommodates a sialic acid that is frequently found to
cap the termini of oligosaccharide chains of N-glycans***. These
structural findings suggest that BONT/E appears to grip the terminal
sialic acid of the SV2A-N573 glycan at a site that is distant (-25 A away
from N573 of SV2A) from the main protein-protein interface.

BoNT/E and BoNT/A exploit distinct glycan-binding modes
Structural comparison between the glycan-bound HcE and HcA
revealed that the sialic acid-binding site on HcE is located close to the
glycan-binding site on HcA (Fig. 4c)”. We found that the glycan-
binding residues on HcA are not preserved on HcE. For example,
HcA-G1292 is substituted by HcE-Q1250 whose large side chain would
clash with the SV2C glycan (Fig. 4d). This may preclude HcE from using
an HcA-like glycan-binding mode. On the other hand, the sialic acid-
binding site on HcE is partially conserved on HcA (Fig. 4e), raising the
possibility that BONT/A might use this HcE-like site to recognize the
terminal sialic acid of the SV2C glycan. However, our structural mod-
eling reveals that the glycan anchoring residue N559 of the HcA-bound
SV2C is located very close to this hypothetic HcE-like sialic acid-
binding site (Fig. 4c), and as a result, the terminal sialic acid of the
HcA-bound SV2C N559 glycan would be located beyond this hypo-
thetic sialic acid-binding pocket on HcA. In one of our earlier muta-
genesis studies on BoNT/A, we found that mutating HcA residues
N905, F917, and D1289, which are equivalent to the sialic acid-binding
residues Y879, Y891, and H1247 on HcE, displayed only moderately
decreased neurotoxicity®. These results suggest that HcA does not use
an HcE-like glycan-binding mode, as the core saccharide of the SV2C-
N559 glycan together with the protein moiety of SV2C plays a domi-
nant role in mediating BoONT/A binding®.

Simultaneous binding to the protein- and glycan-moiety of SV2A
is crucial for BoONT/E function

We then carried out structure-based mutagenesis studies to validate
the structural findings and to further characterize the functional role
of BoNT/E-SV2A interplays. Guided by the crystal structures, we
designed HcE variants that carry two different types of mutations: (1)
mutations that weaken HcE binding to SV2A protein moiety, including
HCERHOOG, HCEKHOZG, HCERIIOOG/KIIOZG’ HCETHS7A, HCEHHSSG, HCET1157A/HIESG’ and
HCFALS#G/FI60C and (2) mutations that disrupt HcE association with sialic
acid, including HCEY87QG/YSSIG’ HCEY891G/Y104IG’ and HCEE1246A/H1247A‘ We first
confirmed that all these mutations did not alter HcE folding and sta-
bility based on thermal denaturation experiments (Supplementary
Fig. 5). We then carried out two sets of studies to examine how these
HcE mutants recognized SV2A-G6* in vitro using pull-down assays

Nature Communications | (2023)14:2338



Article

https://doi.org/10.1038/s41467-023-37860-8

a

SIA

F953/D927

Y881/D907
Y879/N905 }/:
SIA R922/R948
Y891/F917
f\ , N988/N1012
N

=065 L G1248/
Y1041V 1086/, C1208/
1247/D1289

N-glycan N-glycan

Fig. 4 | Structure of the sialic acid-bound HcE-SV2Ac complex and comparison
of the glycan-binding modes between BoNT/E and BoNT/A. a Cartoon repre-
sentation of the sialic acid (SIA)-bound HcE-SV2Ac complex with HcE colored in
lemon, SV2Ac in orange, and sialic acid in red. An omit electron density map for
sialic acid contoured at 1.50 was overlaid with the final refined model. b A close-up
view of the interactions between HcE and sialic acid. One water molecule (W) that
mediates the HcE-SIA binding is shown as a cyan sphere. ¢ The HcE-SV2Ac-SIA
complex and the HcA-SV2C complex (PDB: 5JLV) were superimposed based on HcE

(lemon) and HcA (blue-white). The SIA (red), NAG (orange), and SV2C glycan (blue)
are shown as sticks. The SIA-binding and the SV2C-glycan-binding pockets are
highlighted in red and blue boxes, respectively. d A close-up view into the SV2C-
glycan-binding pocket reveals the differences between HcA (blue-white) and HcE
(lemon) in this area. HcE residue Q1250 would clash with the SV2C glycan based on
the superposition. e A close-up view into the SIA-binding pocket shows that this
pocket is partly conserved between HcE and HcA.

(Supplementary Fig. 3e) and endogenous SV2A and SV2B in cultured
rat cortical neuron (Fig. 5a). We found that HERU!00C, HERU00GKIOZ
HcEHuSSG, HcETHS7A/H1158G, and HCEA11540/F11606 that have the disrupted
protein-based SV2A-binding interface showed largely abolished bind-
ing to SV2A-G6™ in vitro and endogenous SV2 on rat cortical neurons.
Furthermore, mutating the sialic acid-binding residues in HcEYS72¢/Y88IC,
HCEYSYI6MOHE  and HEE246AMR47A 3150 largely reduced their binding to
SV2 on neurons (Fig. 5a). We did not observe detectable changes of
binding between SV2A-G6** and HEYS72/Y881C o HCEYS?1O/MI04G i vitro
using pull-down assays (Supplementary Fig. 3e), which could be due to
the heterogeneous glycosylation of the recombinant SV2A that is dif-
ferent from the glycosylation pattern of SV2A on neurons. Therefore,
the in vitro pull-down assay was mostly detecting the protein-mediated
interactions. Taken together, these data suggest that both the protein-
and the glycan-mediated associations are necessary for HcE-SV2A
recognition on neuronal surfaces.

To further establish the physiological relevance of the protein-
and glycan-mediated HcE-SV2A interactions, we produced four SV2A-
binding deficient mutants of the full-length BoNT/E based on the
results of the mutagenesis studies on HcE described above, and
examined their neurotoxicity at motor nerve terminals using an ex vivo

mouse phrenic nerve hemi-diaphragm (MPN) assay (Fig. 5b and
Supplementary Fig. 6)”. We found that BoNT/ERU00CKI02 and BoNT/
FHISSG/FIS0C  which have mutations at two separated sites of the
protein-protein interface with SV2A, showed ~90% decreased neuro-
toxicity, while BoNT/ERUCOGHISSG/FU0C that carries mutations at both
sites showed a further decrease to -99% (Fig. 5b). To examine the
functional role of glycan-mediated interactions, we designed BoNT/
EY879G/Y104IG based on HCEY879G/Y8816 and HCEY8910N104IG, in which both Y879
and Y1041 of BoNT/E that sandwich the sialic acid were mutated.
Remarkably, BoNT/EY¥°9MO4C only retained -0.1% neurotoxicity
despite its intact binding site for the protein moiety of SV2A, strongly
supporting the direct involvement of the N-glycan of SV2A and SV2B in
BoNT/E binding and function®. The destructive effects of mutations at
the glycan-binding site of BONT/E were stronger as revealed by the
MPN assay in comparison to the results of neuron binding assay based
on HcE (Fig. 5a), which is likely due to the different functional read-out
sensitivity of the two assays and the different amount of BONT/E (WT at
2-8 pM and mutants at 20 pM-6 nM) and HcE (200 nM) used. Toge-
ther, these data demonstrate that both the protein and glycan moieties
of SV2A are essential for the neurotoxicity of BONT/E at motor nerve
terminals.
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Fig. 5 | Simultaneous binding to the protein- and glycan-moiety of SV2A is
crucial for neuronal binding and neurotoxicity of BONT/E. a Rat cortical neurons
were exposed to a high K* buffer containing 200 nM HcE for 5 min at 37 °C. Cells
were washed three times and binding of the biotinylated HcE variants was detected
by immunoblot analysis of cell lysates using Streptavidin-HRP. SNAP-25 was
detected as a loading control. b MPN assay showed drastically decreased

neurotoxicity of BONT/E when its protein-protein and protein-sialic acid-binding
interfaces, respectively, were disrupted by mutagenesis. Graph shows means * s.d.
of n=3 biologically independent experiments for triple mutant R1100G/H1158G/
F1160G and n =5 for all other mutants. Source data are provided as a Source
Data file.

BONTY/E selectively recognizes SV2A and SV2B, but not SV2C
Our previous studies suggest that BONT/E can utilize SV2A and SV2B,
but not the closely related SV2C, as receptors in hippocampal and
cortical neurons®?, Since both SV2A/SV2B and SV2C have a conserved
N-glycan at the same location (N573%'?A, N516%'%8, and N5595'%¢), we
hypothesized that HcE may distinguish SV2A/SV2B from SV2C mainly
based on amino acid differences at the protein—protein interface.
Structure-based sequence analyses revealed that the BoNT/E-binding
residues are mostly identical between SV2A and SV2B except for three
subtle amino acid substitutions, which are H578%** and N579°'* that
form main-chain-mediated hydrogen bonds with HcE-K1102, and
15175 that packs against the hydrophobic HcE-F1160. These three
SV2A residues are replaced by E5215V%8, Q5225V?8, and T460%%®, respec-
tively, which should not have a major effect on HcE binding (Fig. 6a and
Supplementary Table 2). In contrast, Y535°?4/Y478%% |ocated at the
core of the BONT/E-SV2 protein-protein interface is replaced with
T5215V%¢, which will weaken the hydrophobic packing with HcE-F1160,
and the interaction between Y557°V*/Y500%"*® and HcE-R1100 will be
disrupted by the corresponding residue D543%'*C in human/mouse
(homologous E543%'%C on the rat) (Fig. 6a and Supplementary Table 2).
To test these predictions, we swapped residues Y535 and Y557 on
SV2A-L4 with the corresponding residues on SV2C-L4 to generate an
“SV2C-like” SV2AYY and vice versa to generate an “SV2A-like”
SV2CTS2YP43Y e first linked them with G6** and examined how they
recognized HcE in vitro using a bio-layer interferometry (BLI) assay. We
found that SV2AY3TY5P_Ge* showed a markedly decreased binding
to HcE vs. SV2A-G6™, while SV2CTYPS*3Y_GeM showed a clearly
improved binding to HcE vs. SV2C-G6* (Supplementary Fig. 7). To
better understand the physiological relevance of this structural find-
ing, we expressed these two mutants as full-length SV2 (SV2AYS3T/Y5S7E
and SV2CT2Y/B4Y the rat SV2 genes that has E543 on SV2C were used in
this experiment) in cortical neurons cultured from SV2A/SV2B KO mice
via lentiviral transduction. Using the wild-type BoNT/E, we found that
the SV2AYTYSE mutant lost its function to mediate toxin entry at
three different toxin doses tested (Fig. 6b). Expression of SV2CTs2Y/Es43Y
mediated a low level of entry of BONT/E, resulting in a minor cleavage
of SNAP-25 at two toxin doses tested, whereas over-expression of WT
SV2C did not mediate entry of BoNT/E (Fig. 6¢). Both SV2CTY/E43 and
WT SV2C mediated entry of BoNT/A (Supplementary Fig. 8). These
results suggest that SV2C™2YE4Y gained the capability to mediate
BoNT/E entry, albeit at a low efficacy. Additional mutations might be
needed to further enhance the binding of BONT/E to SV2CT2Y/E4Y,

These findings suggest that BONT/E is able to detect the subtle dif-
ferences in the primary sequences of SV2A/2B and SV2C, even though
the overall structures of SV2A and SV2C are similar. In contrast, BONT/
A recognizes all three SV2 isoforms because there are mostly
backbone-to-backbone interactions between BoNT/A and SV2 at the
protein-protein interface that tolerate residue changes across SV2
isoforms®™",

Discussion

BoNT/E together with BONT/A and BoNT/B are the major causes of
human botulism. Paradoxically BONT/A and BoNT/B are also approved
drugs for a myriad of therapeutic and esthetic uses. Due to its unique
pharmacological and clinical profiles, BONT/E has attracted growing
therapeutic interests and is currently in clinical trials for new indica-
tions that may benefit from BoNT/E’s faster onset of action and shorter
duration?%%%%°_ Here, we determined the crystal structure of HcE in
complex with a fusion protein of human SV2A and SV2C, which reveals
two distant receptor-binding sites that are well separated on the two
subdomains of HcE: the major interface is between HccE and the side
of the quadrilateral B-helix of SV2A-L4, while the SV2A-N573 glycan
extends toward HcnE with one of its terminal sialic acids buried in a
hydrophobic pocket on HcnE (Fig. 7a). This is distinct from BoNT/A,
which uses a composite interface located between HcyA and HecA to
recognize both the protein component of SV2C and the core sac-
charides of a neighboring N-glycan (Fig. 7a and Supplementary
Fig. 1c)”. Further structure-based mutagenesis and functional studies
demonstrate that both the protein- and N-glycan-based engagements
are crucial for SV2A-mediated binding and entry of BoNT/E into neu-
rons (Fig. 5a, b and Supplementary Fig. 3e).

The unexpected recognition of the terminal sialic acid of a con-
served N-glycan on SV2A by BoNT/E is in fact reminiscent of the well-
studied receptor binding strategy of the influenza virus, whose HA
proteins exploit the terminal sialic acids on host glycoproteins and
glycolipids as cellular receptors®. A similar strategy is also used by
HA70, a nontoxic component of the large 14-subunit progenitor toxin
complex (L-PTC) of BoNT/A, to recognize sialic acids as its carbohy-
drate receptors on the intestinal epithelial cell surface for enrichment
and absorption®"®% It is tempting to speculate that BONT/E may use this
glycan-binding site to recognize sialic acids on neuronal glycoproteins
and/or glycolipids before encountering SV2. In contrast to viruses and
other toxins that typically use multivalent-binding modes to com-
pensate for the weak association at each individual protein-glycan
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Fig. 6 | BONT/E differentiates SV2A and SV2B from SV2C. a Amino acid sequence
alignment among human SV2A, SV2B and SV2C in the L4 region (prepared using
MultAlin® and ESPript 3.07°). Identical residues are indicated with white letters on a
red background, conserved residues are in red letters, and varied residues are in
black letters. The SV2A residues that are recognized by HcE are indicated by orange
triangles. Residue numbers of SV2A and the secondary structures of chimeric
SV2Ac are shown on the top. b The WT SV2A or SV2AY¥TY7E mytant was expressed
in SV2A/B KO mouse cortical neurons via lentiviral transduction. Neurons were
exposed to the indicated toxins (14 h in medium). Cell lysates were harvested and

analyzed by immunoblot assays. Actin served as a loading control. Left panel:
representative immunoblots. Right panel: the percentage of SNAP-25 cleavage by
BoNT/E in the left panel was quantified using ImageJ by comparing the amount of
cleavage products versus the intact SNAP-25. Error bar represents SD from three
independent experiments. ¢ The WT SV2C or SV2C™YE4Y mytant was expressed in
SV2A/B KO neurons. Neurons were exposed to the indicated concentrations of
BONT/E (24 h in the medium). Cell lysates were harvested and analyzed by immu-
noblot assays. A representative result is shown (n =2). The cleaved SNAP-25 is
marked with *. Source data are provided as a Source Data file.

interface, our studies suggest that BONT/E makes use of an indepen-
dent protein-protein interface to not only enhance glycan-mediated
binding to SV2 but also simultaneously provide the crucial specificity
information to determine its tissue tropism (Fig. 7). We found that
there are several amino acid substitutions at the protein-mediated
SV2A-binding interface on HcE among 12 known BoNT/E subtypes
(BoNT/E1-E12). For example, a key SV2A-binding residue R1100 is
replaced with S1100 on subtype BoNT/E10 and Ell1, which could
weaken receptor binding and may be partly responsible for the
reported lower toxicity of culture supernatants containing BoNT/E10
and E11 besides other factors such as growth rate and toxin secretion®®
(Supplementary Fig. 9). However, the SV2 glycan-binding sites are
highly conserved in all twelve BONT/E subtypes (Supplementary Fig.9),
which should allow certain tolerance for amino acid changes at the SV2
protein-binding site of BoNT/E during evolution. Furthermore, this
glycan-binding site on BONT/E is partially preserved on BoNT/A, which
is very close to the known glycan-binding site on HcA that accom-
modates the core saccharides of the SV2C N559 glycan®, suggesting
possible additional interactions between BoNT/A and this SV2C glycan.

It is well accepted that the docking orientations of BONTSs, with
each toxin composed of a light chain (LC), the translocation domain
(Hn), and the receptor-binding Hc, on the neuronal surface are lar-
gely constrained by simultaneous binding of the H¢ to the
membrane-anchored gangliosides and protein receptors’'®. We
found that, even though SV2 binds to distinct sites on HcE and HcA
and uses different glycan-binding modes, the putative docking
orientations of HcE and HcA on the cell surface are similar and the
relative orientations of the quadrilateral B-helix of SV2A-LC and
SV2C-L4 are also similar (Fig. 7a, b). However, in the context of the
holotoxins, the LC-Hy moiety of BONT/E and BoNT/A are orientated

differently relative to the Hc and the membrane. This is because
BoNT/A displays a linear “open-wing”-like arrangement where the Hc
and LC are located on opposite sides of the long helical Hy, while the
Hc and the LC-Hy of BoNT/E fold toward each other resulting in a
“closed-wing” conformation (Fig. 7¢, d)**®*, This finding provides the
structural basis to inform future studies on how BoNTs may re-
organize their three domains after receptor-mediated binding on
neuron surface and proceed to transmembrane delivery of the LC to
the cytosol, as prior studies suggested that the translocation process
is more rapid in BONT/E than BoNT/A'®%,

SV2A is expressed in a subset of motor neurons, whereas both
SV2B and SV2C are detected in the majority of motor neurons® ™, In
prior studies, we demonstrated that BONT/E cannot utilize SV2C as a
receptor in cultured hippocampal and cortical neurons®. Whether
SV2C in motor neurons may still function as a receptor for BONT/E
remains to be determined®*. Nevertheless, our studies provide a
structural basis to understand the differences in BONT/E recognition of
SV2A/2B versus SV2C, particularly involving their protein sequences.
The structures suggest a potentially important role of the conserved
SV2 N-glycan in mediating BONT/E interactions, which may also con-
tribute to differences between SV2A/2B and SV2C as BoNT/E receptors.

As the three SV2 isoforms have different tissue distributions in
human®**, the variations in binding affinity toward SV2 isoforms
between BoNT/E and BoNT/A may contribute to their distinct phar-
macological and therapeutic features'***%*°, This knowledge could be
harnessed to engineer new BoNT/E variants with modified specificities
toward different SV2 isoforms or help to fine-tune BoNT/A-SV2
interplays for new clinical developments. Notably, recent structure-
based engineering of BoNT/B successfully enhanced its binding to
human receptor synaptotagmin-ll and led to improved clinical
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Fig. 7 | Proposed models for simultaneous binding of BONT/E and BoNT/A to
the membrane-anchored SV2 and gangliosides. a Proposed binding modes of
BoNT/E (PDB: 3FFZ) and BoNT/A (PDB: 3BTA) with the membrane-bound SV2 and
gangliosides. The holotoxins are positioned based on the structures of the
HcE-SV2Ac and the HcA-SV2C (PDB: 5JLV) complexes. A representative complex-
type N-glycan (red sticks, PDB: 3QUM) is modeled to represent the N-glycan of
SV2A. The gangliosides GD1a and GT1b are modeled based on the structures of
HcE-GDla (PDB: 70VW) and HcA-GTI1b (PDB: 2VU9). b The structures of the
HcE-SV2Ac and the HcA-SV2C (PDB: 5JLV) complexes with the modeled ganglio-
sides are superimposed based on HcE and HcA. The view angle on the left panel is

BoNT/A

BoNT/E

identical to that shown in panel (a). A different view with a rotation of -115° about a
vertical axis is shown on the right panel. Two equivalent B-sheets (38) on SV2Ac-L4
and SV2C-L4 are highlighted as a marker to show the similar orientations of SV2Ac
and SV2C relative to the membrane in this putative model. ¢ Surface representation
of BONT/E holotoxin in complex with SV2A (orange) and GD1a (cyan sticks). BONT/E
adopts a “closed-wing” conformation, in which HcE (lemon) and LC/E (pale cyan)
are located on the same side of the long helical H\E (purple). d Surface repre-
sentation of BONT/A holotoxin in complex with SV2C (blue) and GT1b (deep teal
sticks). BONT/A has an “open-wing” conformation, in which HcA (light purple) and
LC/A (yellow) are located on the opposite sides of the long helical HyA (brown).

efficacy™'*>%, At the same time, the highly conserved glycan-binding
pocket among all BONT/E subtypes is of particular interest for the
future development of epitope-focused antibodies for the counter-
measure of botulism or reversal of muscle paralysis in the clinic.

Methods

Ethics statement

All animal studies in the Dong lab were approved by the Boston Chil-
dren’s Hospital Institutional Animal Care and Use Committee (Protocol
Number: 18-10-3794R). All procedures were approved by the Institute
of Biosafety Committees at Boston Children’s Hospital (Protocol
Number: IBC-PO0000501). The MPN assay (project license 2018/209)
was performed in the Rummel lab according to §4 Abs. 3 (killing of
animals for scientific purposes, German animal protection law
(TSchG)). The numbers of animals sacrificed by trained personnel
before the dissection of organs were reported yearly to the animal
welfare officer of the Central Animal Laboratory and to the local
authority, Veterindramt Hannover.

Cloning, expression, and purification of recombinant proteins

The genes encoding HcE (residues R846-K1252) and VHH G6 (residues
Q1-S129) were cloned into a modified pET28a vector with a 6xHis/
SUMO (Saccharomyces cerevisiae Smt3p) tag introduced to the
N-terminus. The core regions of human SV2A-L4 (residues F487-E581)

and human SV2C-L4 (residues V473-T567) were cloned into a modified
pcDNA vector for mammalian cell expression, and a human IL2 signal
sequence (MYRMQLLSCIALSLALVTNS), a 9xHis tag, a factor Xa-
cleavage site, and a human rhinovirus 3C protease cleavage site were
added to the N-terminus. The chimeric SV2A-SV2C-L4 constructs were
generated by two-step PCR and verified by DNA sequencing. Specifi-
cally, SV2Ac! was made by replacing SV2A amino acids F487-1552 with
the corresponding SV2C amino acids V473-1538 and SV2Ac was made
by replacing SV2A residues F487-E532 with the corresponding SV2C
residues V473-K518. The chimeras were cloned into the modified
pcDNA vector for expression. For the SV2Ac-G6 fusion protein, G6 or
the G6** (D100A/D115A) mutant was covalently linked to the C termi-
nus of SV2Ac through a 10-amino acid peptide linker (GTSPSASGGS)
and cloned into the modified pcDNA vector for expression. The other
fusion constructs, including SV2A-G6**, SV2Ac'-G6*, and SV2C-G6™*,
were generated in a similar manner. All site-specific mutations were
generated by two-step PCR and verified by DNA sequencing.

HcE and VHH G6 (WT and mutations) were expressed in E. coli
strain BL21-Star (DE3) (Invitrogen). Bacteria were cultured at 37 °C in
an LB medium containing kanamycin. The temperature was reduced to
18 °C when ODgqo reached ~0.8. Expression was induced with 1mM
IPTG (isopropyl-b-p-thiogalactopyranoside) and continued at 18 °C
overnight. The cells were harvested by centrifugation and stored at
-80 °C until use.
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The 6xHis/SUMO-tagged HcE and G6 (WT and mutations) were
purified using Ni?*-NTA (nitrilotriacetic acid, Qiagen) affinity resins in a
buffer containing 50 mM Tris, pH 7.5, 400 mM NaCl, and 40 mM imi-
dazole. The proteins were eluted with a high-imidazole buffer (50 mM
Tris, pH 7.5, 400 mM NaCl, and 300 mM imidazole) and then exchan-
ged into a buffer containing 50 mM Tris, pH 7.5, and 400 mM NaCl. The
6xHis/SUMO tags of HcE and G6 were cleaved by SUMO protease. HcE
was further purified by MonoS ion-exchange chromatography (GE
Healthcare) in a buffer containing 20 mM MES, pH 6.0, 150 mM Nadl,
and 1 mM TCEP, and eluted with a NaCl gradient. The peak fractions of
HcE were pooled and subjected to Ni**-NTA re-binding, and the flow
through was concentrated, frozen in liquid nitrogen, and kept at
-80 °C. G6 was also further purified by Ni?*-NTA re-binding. To obtain
the HCE-G6 complex for crystallization, the purified HCE was mixed
with G6 for 1-h incubation, then purified by Superdex-200 SEC (GE
Healthcare) in a buffer containing 20 mM HEPES, pH 7.5, and 150 mM
NaCl, and the peak fractions were concentrated to -10 mg/ml for
crystallization.

SV2A, SV2Ac!, SV2Ac, SV2C, SV2A-G6™, SV2Ac'-G6™,
SV2Ac-G6™, SV2Ac-G6, SV2C-G6**, and their mutations were
expressed, and secreted from FreeStyle HEK 293 cells (ThermoFisher)
and purified directly from cell culture media using Ni**-NTA resins. To
prepare the HcE-SV2Ac-G6 complex for crystallization, the purified
HcE and 9xHis-tagged SV2Ac-G6 were mixed at a molar ratio of ~2:1 for
2 hat12 °C. The complex was isolated using Ni*"-NTA resins and further
purified by Superdex-200 SEC (GE Healthcare) in a buffer containing
10 mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM TCEP. The N-terminal
9xHis tag of SV2Ac-G6 in the complex was removed by 3C protease,
and the complex was further purified by Ni*-NTA re-binding and
concentrated to -8 mg/ml for crystallization.

The wild-type and mutated recombinant full-length activated
BoNT/E1 were produced under biosafety level 2 containment (project
number GAA A/Z 40654/3/123/3) recombinantly in E. coli BL21
DE3 strain in Dr. Rummel’s lab in Germany as described previously®’.
All mutations were generated by two-step PCR and verified by DNA
sequencing. BoNT/E and mutants carrying C-terminal Hisé6-tag were
purified on Co*-Talon matrix (Takara Bio Europe S.A.S., France) and
eluted with 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 250 mM
imidazole. For proteolytic activation and removal of an affinity tag,
BoNT/E was incubated for 16 h at room temperature with 0.01U
bovine thrombin (Sigma-Aldrich Chemie GmbH, Germany) per ug of
BoNT. Subsequent gel filtration (Superdex-200 SEC; GE Healthcare,
Germany) was performed in phosphate-buffered saline (pH 7.4). For
storage, BONT/E and mutants were shock-frozen in liquid nitrogen and
stored at —80 °C.

Crystallization

Initial crystallization screens of the HcE-G6 and the HcE-SV2Ac-G6
complex were carried out at 18 °C using a Gryphon crystallization robot
(Art Robbins Instruments) with high-throughput crystallization
screening kits (Hampton Research and Qiagen). The original crystals of
the HCE-G6 complex were obtained in a reservoir containing 0.2 M
NaCl and 20% PEG 3350. And the HcE-SV2Ac-G6 complex was origin-
ally crystallized in a reservoir containing 0.2 M potassium sulfate and
20% PEG 3350. Extensive manual optimization was then performed
using the hanging-drop vapor-diffusion method via mixing the protein
with reservoir solution at a 1:1 ratio. For the HcE-G6 complex, the best
crystals were obtained in a reservoir containing 0.1 M HEPES, pH 7.0,
0.2 M NaCl, and 18% PEG 3350, and the crystals were cryoprotected in
the mother liquor supplemented with 20% (v/v) ethylene glycol. The
best crystals for the HCE-SV2Ac-G6 complex were obtained in a
reservoir containing 0.1 M HEPES, pH 7.5, 0.2 M potassium sulfate, 20%
PEG 3350, and 5% PEG 400. Streak seeding was necessary to obtain
single crystals. For the sugar soaking studies, the crystals of the
HcE-SV2Ac-G6 complex were soaked in the mother liquor

supplemented with 100 mM sialic acid (Neu5Ac), N-acetylglucosamines
(GIcNAc), galactose (Gal), or N-acetyl-p-lactosamine (Gal31-4GIcNAc,
LacNAc) at 18 °C overnight. The crystals were then cryoprotected in
buffers containing 0.1M HEPES, pH 7.5, 23% PEG3350, 12% glycerol,
0.16 M potassium sulfate, and the corresponding sugars, and flash-
frozen in liquid nitrogen for diffraction studies.

Data collection and structure determination

The X-ray diffraction data were collected at 100K at the NE-CAT
beamline 24-ID, Advanced Photon Source (APS). The data were pro-
cessed with XDS as implemented in RAPD (https://github.com/RAPD/
RAPD)®. The complex structures were solved by the molecular repla-
cement software PHENIX.Phaser® using the structures of HcE (PDB:
3FFZ)*°, VHH (PDB: 6GLW)”°, and SV2C-L4 (PDB: 5JLV)" as the search
models. The crystals of the HcE-G6 complex belong to space group P2;
2; 2; and there are five pairs of the HcE-G6 complexes in one asym-
metric unit. The crystals of the H.E-SV2Ac-G6 complex belong to
space group C2 2 2; with two pairs of the HcE-SV2Ac-G6 complexes in
the asymmetric unit. The initial atomic models were refined with
Phenix.Refinement®. Further structural modeling and refinement were
carried out iteratively using COOT” and Phenix.Refinement® or
Refmac5 refinement’”. The structure of the sialic acid-bound
HcE-SV2Ac-G6 complex was solved using the HCE-SV2Ac-G6 com-
plex as a model and sialic acid was modeled based on the Fo-Fc
electron density maps. All the refinement progresses were monitored
with the free R value using a 5% randomly selected test set’* and the
structures were validated by MolProbity’. Data collection and struc-
tural refinement statistics are listed in Supplementary Table 1. All
structure figures were prepared using Pymol (DeLano Scientific).

Liposome co-sedimentation assay

Large unilamellar vesicles (LUV) were prepared as previously
described*. Briefly, lipids (1,2-dioleoyl-sn-glycero-3-phospho-i-serine
(DOPS) and 1-palmitoyl-2-(9,10-dibromostearoyl) phosphatidylcholine
(BrPC)) (Avanti Polar Lipid) were dissolved in chloroform while GT1b
trisodium salt (Santa Cruz Biotechnology) was dissolved in methanol.
The lipids (70/20/10 mol% BrPC/DOPS/GT1b) were mixed, dried under
nitrogen gas, and then placed under vacuum for overnight. The dried
lipids were rehydrated and subjected to 5-10 rounds of freezing and
thawing cycles. Liposomes were prepared by extrusion through a
200 nm pore membrane using an Avanti Mini Extruder according to
the manufacturer’s instructions.

The HCE-GTIb binding experiment was conducted by mixing
1uM of HcE or HcE pre-incubated with 2 pM of G6 with 200 pM of
liposomes. The protein-liposome mixture was then incubated in a
buffer containing 100 mM NaCl and 20 mM HEPES (pH 7.0) at room
temperature for 1h followed by spinning progressively at 4000xg,
9000x%g, and 16,000xg for 30 min each. The supernatant and pellet
were separated and analyzed by SDS-PAGE.

Pulldown assay
For the structure-based mutagenesis studies, pulldown assays were
performed with Ni**-NTA resins in 1 ml buffer containing 50 mM Tris,
pH 7.5,400 mM NaCl, 20 mM imidazole, and 0.1% Tween-20. His-tagged
G6, SV2, or SV2-G6™ variants served as the baits and HcE (WT and
variants) served as the prey. To prepare the pull-down, SV2 (5 ug) or
SV2-G6™ (10 pg) were pre-incubated with Ni*~NTA resins at 12 °C for
1h. After washing away the unbound proteins, the resins were mixed
with HcE (32 pg, ~2-fold molar excess over the bait) at 12 °C for 1 h. The
resins were then washed twice, and the bound proteins were released
from the resins with 400 mM imidazole and subjected to SDS-PAGE.
To examine the interactions between HcE and SV2A-G6™* at var-
ious pH, we carried out the pull-down assays using Strep-Tactin resins
(IBA Lifesciences) in three different buffers: 50 mM Tris, pH 7.5,
400 mM NaCl, and 0.1% Tween-20, or 50 mM sodium acetate, pH 5.0 or
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4.6, 400 mM NaCl, and 0.1% Tween-20. The His-tagged SV2A-G6*
(10 pg) that was first biotinylated using EZ-Link NHS-PEG4-Biotin
(Thermo Fisher Scientific) served as the bait and HcE (32 pg) served as
the prey. The pull-down assays were carried out at 12°C for 1 h. The
resins were then washed twice, and the bound proteins were released
from the resins with 50 mM biotin and subjected to SDS-PAGE.

Protein melting assay

The thermal stability of HcE or SV2-G6™* variants was measured using
a fluorescence-based thermal shift assay on a StepOne real-time PCR
machine (Life Technologies). Each protein (0.5 mg/ml) was mixed
with the fluorescent dye SYPRO Orange (Sigma-Aldrich) and heated
from 25 to 90 °C in a linear ramp. The midpoint of the protein-melting
curve (Tm) was determined using the analysis software provided by
the instrument manufacturer. Data obtained from three independent
experiments were averaged to generate the bar graph.

Biolayer interferometry assay

The binding between HcE and SV2A-G6*, SV2AYSSTYSD_GEAA,
SV2C-G6™, and SV2CTYP54Y_G6M were examined by BLI assays using
an OctetRED96 (ForteBio). Briefly, equal amounts of biotinylated
SV2-G6* variants (400 nM) were immobilized onto the Dip and Read
Streptavidin (SA) Biosensors (ForteBio) and balanced with the buffer
(50 mM Tris, pH 7.5, 400 mM NacCl, 0.5% BSA, and 0.1% Tween 20). The
biosensors were then exposed to 1uM HcE (binding phase), followed
by washing with the buffer (dissociation phase).

Antibodies and constructs

The following antibodies were purchased from the indicated vendors:
rabbit monoclonal antibodies against [-actin (ABclonal, AC038);
mouse monoclonal antibodies against SNAP-25 (Synaptic systems, Cl
71.1) or Syt-1 (Synaptic systems, #105011); rabbit polyclonal antibody
against SV2C (Synaptic systems, #119202). SV2 mouse monoclonal
antibody (pan-SV2) was generously provided by E. Chapman (Madison,
WI) and is available from Developmental Studies Hybridoma Bank
(AB_2315387). Secondary antibodies were purchased from the follow-
ing vendors: goat anti-rabbit-HRP (Bio-Rad, 1705046) and goat anti-
mouse-HRP (Abcam, ab97023).

BoNT/E utilized for cell-based assays was purchased from Meta-
biologics or List Biologics (#141A) by the Dong lab. No recombinant
BoNT/E was imported into the United States. All active BoNTs are
stored in a locked freezer. Used toxins and contaminated media/
reagents/containers are exposed to a 10% bleach solution for decon-
tamination. Lentiviral constructs (in Lox-Syn-Syn vector) encoding full-
length rat SV2A and SV2C were previously described”. Rat SV2Ac
chimera was generated by replacing F487-E532 of SV2A with
V473-K518 of SV2C using Gibson assembly and subcloned into Lox-
Syn-Syn vector. SV2A (Y535T/Y557E) and SV2C (T521Y/E543Y) were
generated by site-directed mutagenesis through overlapping PCR. All
constructs were confirmed by sequencing (Genewiz).

Mouse lines and pregnant rats

Sv2a- and Sv2b- knockout mice (strain B6;129P2-Sv2a™S ISy2p™sud/),
stock No. 006383; cryo recovery) were obtained from the Jackson
Laboratory. Mice heterozygous for both Sv2a and Sv2b were bred
together to generate Sv2a+/- Su2b-/- mice. Three primers were used
to genotype Sv2a or 2b. Primers for Sv2a: mutant: GAG CGC GCG CGG
CGG AGT TGT TGA C; wild type: GTT GAC TGA GAG TGA GAT GAG C;
common: GAG TTA GGG ATG AGT GTT CTG G. Primers for Su2b:
mutant: GAG CGC GCG CGG CGG AGT TGT TGA C; wild type: TCATCC
AGA TGA TGT CAA GTC TAA GC; common: GGC ACT CAG CCA CTA
ACT CTC AGT ACA). Once Sv2a+/- Su2b—/—- were established, they were
bred to generate sv2a/sv2b double KO pups as mice homozygous for
sv2a/sv2b double KO were not viable. Timed pregnant rats (Sprague
Dawley strain) were purchased from Charles River.

Neuron culture and lentivirus transduction

Rat cortical neurons were prepared from E18-19 embryos dissected
from pregnant rats. Mouse Sv2a/2b double KO neurons were prepared
from postnatal day 1 pup as previously described>”. The pups were
genotyped using Sv2a primers within 24 h after the pups were born.
Sv2a-/-Sv2b—/- pups were used to culture the neurons. Dissected
cortex was digested with papain for 1 h with tapping every 10-15 min,
according to the manufacturer’s instructions (Worthington Biochem-
ical). Neurons were plated on poly-p-lysine-coated 24-well plates.
Experiments were carried out generally with DIV (days in vitro) 13-15
neurons. Lentiviruses were prepared from HEK293T cells, as pre-
viously described”. 2.5uM of arabinosylcytosine C (AraC) was added
to neurons at DIV4, while lentiviruses were added at DIV5-6.

HcE binding to neurons

Neurons were exposed to 200 nM of biotinylated HcE variants in high-
K* buffer containing 87 mM NaCl, 56 mM KClI, 1.5 mM KH,PO,4, 8 mM
Na,HPO,, 0.5 mM MgCl,, and 1 mM CaCl,, for 5 min at 37 °C. Neurons
were then washed three times with each 2.5 mL of phosphate-buffered
saline (PBS). Neurons were harvested in a lysis buffer (PBS with 1%
Triton X-100, 0.05% SDS, and protease inhibitor cocktail (Roche),
40 L per well in 24-well plates). Lysates were centrifuged for 10 min at
4°C, and the supernatants were subjected to SDS-PAGE and western
blot analysis. Binding of HcE was detected with Streptavidin-tagged
horseradish peroxidase (HRP) (Cell signaling technology, 3999s),
which recognizes biotinylated HcE. All experiments were repeated
three times independently.

Entry of BoNT/E into neurons

BoNT/E was pre-activated with trypsin (Sigma, Type XIII-TPCK treated)
for 30 min at 37 °C, and quenched with soybean trypsin inhibitor (Sigma,
Type I-S, T6522, toxin:trypsin:inhibitor =10:1:10 in molar ratio). Neurons
were exposed to activated BoNT/E in the medium. Cells were incubated
for 14-20 h at 37 °C. Neuron lysates were then harvested and subjected
to western blot analysis to detect cleavage of SNAP-25 through chemi-
luminescence (SuperSignal West Pico Plus, Thermo Scientific).

Mouse phrenic nerve hemidiaphragm assay

The MPN assay was performed employing 20-30 g Swiss mice (Janvier
SA, France) as described previously”. Mice were euthanized by CO,
anesthesia and subsequently exsanguinated. The phrenic nerve
hemidiaphragm tissue was explanted, placed into an organ bath and
continuously stimulated at 5-25mA with a frequency of 1Hz and a
0.1 ms pulse duration. Isometric contractions were transformed using
a force transducer and recorded with VitroDat Online software (FMI
GmbH, Germany). The time required to decrease the amplitude to 50%
of the starting value (paralytic half-time) was determined. To allow
comparison of the altered neurotoxicity of mutants with BONT/E1 wild-
type (displaying a specific activity of 0.41 x 108 LDso/mg), its MPN assay
dose-response-curve logarithmic function (y(BoNT/E1 wild-type; 2.0,
4.0, 8.0pM)=-23.61 In(x)+104.11, R*=0.999) consisting of three
concentrations determined in 5-8 technical replicates as described
previously was employed®. Mean (n =3-5) of resulting paralytic half-
times of the BONT/E1 mutants were converted to concentrations of the
wild-type employing the above function and finally expressed as rela-
tive neurotoxicity.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The coordinates and structure factors for the HcE-G6 complex, the
HcE-SV2Ac-G6 complex, and the HCcE-SV2Ac-Gé6-sialic-acid complex
have been deposited to the Protein Data Bank under accession codes
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7UIE, 7UIA, and 7UIB, respectively. Source data are provided as a Source
Data file. Other data supporting the findings of this study are available
from the authors upon request. Other structures used in this study were
obtained from the PDB with accession codes 2VU9 (HcA-GTlb com-
plex), 3BTA (BoNT/A), 3FFZ (BoNT/E), 3QUM (PSA-Fab complex), 5JLV
(HcA-SV2C complex), 6GLW (Fab fragment), 70VW (GDla-bound
HcE) Source data are provided with this paper.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Montal, M. Botulinum neurotoxin: a marvel of protein design. Annu.
Rev. Biochem. 79, 591-617 (2010).

Rossetto, O., Pirazzini, M. & Montecucco, C. Botulinum neurotoxins:
genetic, structural and mechanistic insights. Nat. Rev. Microbiol. 12,
535-549 (2014).

Truong, D. D. & Jost, W. H. Botulinum toxin: clinical use. Parkin-
sonism Relat. Disord. 12, 331-355 (2006).

Jankovic, J. Botulinum toxin in clinical practice. J. Neurol. Neuro-
surg. Psychiatry 75, 951-957 (2004).

Pirazzini, M., Rossetto, O., Eleopra, R. & Montecucco, C. Botulinum
neurotoxins: biology, pharmacology, and toxicology. Pharmacol.
Rev. 69, 200-235 (2017).

Dong, M., Masuyer, G. & Stenmark, P. Botulinum and tetanus neu-
rotoxins. Annu. Rev. Biochem. 88, 811-837 (2019).

Montecucco, C. How do tetanus and botulinum neurotoxins bind to
neuronal membranes? Trends Biochem. Sci. 11, 314-317 (1986).
Montecucco, C., Rossetto, O. & Schiavo, G. Presynaptic receptor
arrays for clostridial neurotoxins. Trends Microbiol. 12,

442-446 (2004).

Rummel, A. Double receptor anchorage of botulinum neurotoxins
accounts for their exquisite neurospecificity. Curr. Top. Microbiol.
Immunol. 364, 61-90 (2013).

Lam, K. H., Yao, G. & Jin, R. Diverse binding modes, same goal: The
receptor recognition mechanism of botulinum neurotoxin. Prog.
Biophys. Mol. Biol. 117, 225-231 (2015).

Rummel, A. Two feet on the membrane: uptake of clostridial neu-
rotoxins. Curr. Top. Microbiol. Immunol. 406, 1-37 (2017).

Dong, M. et al. SV2 is the protein receptor for botulinum neurotoxin
A. Science 312, 592-596 (2006).

Yao, G. et al. N-linked glycosylation of SV2 is required for binding
and uptake of botulinum neurotoxin A. Nat. Struct. Mol. Biol. 23,
656-662 (2016).

Benoit, R. M. et al. Structural basis for recognition of synaptic
vesicle protein 2C by botulinum neurotoxin A. Nature 505,
108-111 (2014).

Jin, R.,, Rummel, A., Binz, T. & Brunger, A. T. Botulinum neurotoxin B
recognizes its protein receptor with high affinity and specificity.
Nature 444, 1092-1095 (2006).

Chai, Q. et al. Structural basis of cell surface receptor recognition
by botulinum neurotoxin B. Nature 444, 1096-1100 (2006).
Mahrhold, S., Rummel, A., Bigalke, H., Davletov, B. & Binz, T. The
synaptic vesicle protein 2C mediates the uptake of botulinum
neurotoxin A into phrenic nerves. FEBS Lett 580, 2011-2014 (2006).
Keller, J. E., Cai, F. & Neale, E. A. Uptake of botulinum neurotoxin
into cultured neurons. Biochemistry 43, 526-532 (2004).

Pons, L., Vilain, C., Volteau, M. & Picaut, P. Safety and pharmaco-
dynamics of a novel recombinant botulinum toxin E (rBoNT-E):
Results of a phase 1 study in healthy male subjects compared with
abobotulinumtoxinA (Dysport(R). J. Neurol. Sci. 407, 116516 (2019).
Eleopra, R., Tugnoli, V., Rossetto, O., De Grandis, D. & Montecucco,
C. Different time courses of recovery after poisoning with botuli-
num neurotoxin serotypes A and E in humans. Neurosci. Lett. 256,
135-138 (1998).

Keller, J. E., Neale, E. A., Oyler, G. & Adler, M. Persistence of botu-
linum neurotoxin action in cultured spinal cord cells. FEBS Lett.
456, 137-142 (1999).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Foran, P. G. et al. Evaluation of the therapeutic usefulness of
botulinum neurotoxin B, C1, E, and F compared with the long lasting
type A. Basis for distinct durations of inhibition of exocytosis in
central neurons. J. Biol. Chem. 278, 1363-1371 (2003).

Wang, J. et al. Novel chimeras of botulinum neurotoxins A and E
unveil contributions from the binding, translocation, and protease
domains to their functional characteristics. J. Biol. Chem. 283,
16993-17002 (2008).

Yoelin, S. G. et al. Safety and efficacy of EB-001, a Novel Type E
botulinum toxin, in subjects with glabellar frown lines: results of a
phase 2, randomized, placebo-controlled, ascending-dose study.
Plast. Reconstr. Surg. 142, 847e-855¢ (2018).

Dong, M. et al. Glycosylated SV2A and SV2B mediate the entry of
botulinum neurotoxin E into neurons. Mol. Biol. Cell 19, 5226-5237
(2008).

Mahrhold, S. et al. Identification of the SV2 protein receptor-
binding site of botulinum neurotoxin type E. Biochem. J. 453,
37-47 (2013).

Peng, L., Tepp, W. H., Johnson, E. A. & Dong, M. Botulinum neuro-
toxin D uses synaptic vesicle protein SV2 and gangliosides as
receptors. PLoS Pathog. 7, €1002008 (2011).

Rummel, A. et al. Botulinum neurotoxins C, E and F bind
gangliosides via a conserved binding site prior to stimulation-
dependent uptake with botulinum neurotoxin F utilising the three
isoforms of SV2 as second receptor. J. Neurochem. 110,
1942-1954 (2009).

Fu, Z., Chen, C., Barbieri, J. T., Kim, J. J. & Baldwin, M. R. Glycosy-
lated SV2 and gangliosides as dual receptors for botulinum neu-
rotoxin serotype F. Biochemistry 48, 5631-5641 (2009).

Yeh, F. L. et al. SV2 mediates entry of tetanus neurotoxin into central
neurons. PLoS Pathog. 6, €1001207 (2010).

Restani, L. et al. Botulinum neurotoxins A and E undergo retrograde
axonal transport in primary motor neurons. PLoS Pathog. 8,
1003087 (2012).

Pellett, S., Tepp, W. H. & Johnson, E. A. Botulinum neurotoxins A, B,
C, E, and F preferentially enter cultured human motor neurons
compared to other cultured human neuronal populations. FEBS
Lett. 593, 2675-2685 (2019).

Chakkalakal, J. V., Nishimune, H., Ruas, J. L., Spiegelman, B. M. &
Sanes, J. R. Retrograde influence of muscle fibers on their inner-
vation revealed by a novel marker for slow motoneurons. Devel-
opment 137, 3489-3499 (2010).

Janz, R. & Stidhof, T. C. SV2C is a synaptic vesicle protein with an
unusually restricted localization: anatomy of a synaptic vesicle
protein family. Neuroscience 94, 1279-1290 (1999).

Bartholome, O. et al. Puzzling out synaptic vesicle 2 family mem-
bers functions. Front. Mol. Neurosci. 10, 148 (2017).

Li, X. et al. Structural insights into the interaction of botulinum
neurotoxin a with its neuronal receptor SV2C. Toxicon 175,

36-43 (2020).

Gustafsson, R., Zhang, S., Masuyer, G., Dong, M. & Stenmark, P.
Crystal structure of botulinum neurotoxin A2 in complex with the
human protein receptor SV2C reveals plasticity in receptor binding.
Toxins. 10, 153 (2018) https://doi.org/10.3390/toxins10040153.
Benoit, R. M. et al. Crystal structure of the BONT/A2 receptor-
binding domain in complex with the luminal domain of its neuronal
receptor SV2C. Sci. Rep. 7, 43588 (2017).

Swiech, K., Picanco-Castro, V. & Covas, D. T. Human cells: new
platform for recombinant therapeutic protein production. Protein
Expr. Purif. 84, 147-153 (2012).

Lam, K. H. et al. Structural insights into rational design of single-
domain antibody-based antitoxins against botulinum neurotoxins.
Cell Rep. 30, 2526 (2020).

Lam, K. H., Perry, K., Shoemaker, C. B. & Jin, R. Two VHH antibodies
neutralize botulinum neurotoxin E1 by blocking its membrane

Nature Communications | (2023)14:2338

12


http://doi.org/10.2210/pdb7UIE/pdb
http://doi.org/10.2210/pdb7UIA/pdb
http://doi.org/10.2210/pdb7UIB/pdb
http://doi.org/10.2210/pdb2VU9/pdb
http://doi.org/10.2210/pdb3BTA/pdb
http://doi.org/10.2210/pdb3FFZ%20/pdb
http://doi.org/10.2210/pdb3QUM/pdb
http://doi.org/10.2210/pdb5JLV/pdb
http://doi.org/10.2210/pdb6GLW/pdb
http://doi.org/10.2210/pdb7OVW/pdb
https://doi.org/10.3390/toxins10040153

Article

https://doi.org/10.1038/s41467-023-37860-8

translocation in host cells. Toxins 12, 616 (2020) https://doi.org/10.
3390/toxins12100616.

42. Tremblay, J.M. et al. Camelid VHH antibodies that neutralize botu-
linum neurotoxin serotype E intoxication or protease function.
Toxins 12, 611 (2020) https://doi.org/10.3390/toxins12100611.

43. Yao, G. et al. A camelid single-domain antibody neutralizes botuli-
num neurotoxin A by blocking host receptor binding. Sci. Rep. 7,
7438 (2017).

44. Gu, S. et al. Botulinum neurotoxin is shielded by NTNHA in an
interlocked complex. Science 335, 977-981 (2012).

45. Lam, K. H. et al. Probing the structure and function of the protease
domain of botulinum neurotoxins using single-domain antibodies.
PLoS Pathog. 18, €1010169 (2022).

46. Stenmark, P., Dupuy, J., Imamura, A., Kiso, M. & Stevens, R. C.
Crystal structure of botulinum neurotoxin type A in complex with
the cell surface co-receptor GT1b-insight into the toxin-neuron
interaction. PLoS Pathog. 4, €1000129 (2008).

47. Berntsson, R. P., Peng, L., Dong, M. & Stenmark, P. Structure of dual
receptor binding to botulinum neurotoxin B. Nat. Commun. 4,
2058 (2013).

48. Masuyer, G., Davies, J. R. & Stenmark, P. Mechanism of ganglioside
receptor recognition by botulinum neurotoxin serotype E. Int. J.
Mol. Sci. 22, 8315 (2021).

49. Weisemann, J., Stern, D., Mahrhold, S., Dorner, B.G. & Rummel, A.
Botulinum neurotoxin serotype A recognizes its protein receptor
SV2 by a different mechanism than botulinum neurotoxin B
synaptotagmin. Toxins 8, 154 (2016) https://doi.org/10.3390/
toxins8050154.

50. Kumaran, D. et al. Domain organization in Clostridium botulinum
neurotoxin type E is unique: its implication in faster translocation. J.
Mol. Biol. 386, 233-245 (2009).

51.  Mahrhold, S. et al. Only the complex N559-glycan in the
synaptic vesicle glycoprotein 2C mediates high affinity binding to
botulinum neurotoxin serotype Al. Biochem. J. 473,

2645-2654 (2016).

52. Croset, A. et al. Differences in the glycosylation of recombinant
proteins expressed in HEK and CHO cells. J. Biotechnol. 161,
336-348 (2012).

53. Reily, C., Stewart, T. J., Renfrow, M. B. & Novak, J. Glycosylation in
health and disease. Nat. Rev. Nephrol. 15, 346-366 (2019).

54. Marth, J. D. & Grewal, P. K. Mammalian glycosylation in immunity.
Nat. Rev. Immunol. 8, 874-887 (2008).

55. Schjoldager, K. T., Narimatsu, Y., Joshi, H. J. & Clausen, H. Global
view of human protein glycosylation pathways and functions. Nat.
Rev. Mol. Cell Biol. 21, 729-749 (2020).

56. Strotmeier, J. et al. Identification of the synaptic vesicle glycopro-
tein 2 receptor binding site in botulinum neurotoxin A. FEBS Lett.
588, 1087-1093 (2014).

57. Bigalke, H. & Rummel, A. Botulinum neurotoxins: qualitative
and quantitative analysis using the mouse phrenic nerve
hemidiaphragm assay (MPN). Toxins (Basel) 7, 4895-4905
(2015).

58. Fonfria, E. et al. The expanding therapeutic utility of botulinum
neurotoxins. Toxins 10, 208 (2018) https://doi.org/10.3390/
toxins10050208.

59. Masuyer, G., Chaddock, J. A., Foster, K. A. & Acharya, K. R. Engi-
neered botulinum neurotoxins as new therapeutics. Annu. Rev.
Pharmacol. Toxicol. 54, 27-51 (2014).

60. Skehel, J. J. & Wiley, D. C. Receptor binding and membrane fusion in
virus entry: the influenza hemagglutinin. Annu. Rev. Biochem. 69,
531-569 (2000).

61. Lee, K. et al. Structure of a bimodular botulinum neurotoxin com-
plex provides insights into its oral toxicity. PLoS Pathog. 9,
1003690 (2013).

62. Lam, K. H. & Jin, R. Architecture of the botulinum neurotoxin com-
plex: a molecular machine for protection and delivery. Curr. Opin.
Struct. Biol. 31, 89-95 (2015).

63. Weedmark, K. A. et al. Two novel toxin variants revealed by whole-
genome sequencing of 175 Clostridium botulinum type E strains.
Appl. Environ. Microbiol. 80, 6334-6345 (2014).

64. Lacy, D.B., Tepp, W., Cohen, A. C., DasGupta, B. R. & Stevens, R. C.
Crystal structure of botulinum neurotoxin type A and implications
for toxicity. Nat. Struct. Biol. 5, 898-902 (1998).

65. Tao, L. et al. Engineered botulinum neurotoxin B with improved
efficacy for targeting human receptors. Nat. Commun. 8, 53 (2017).

66. Elliott, M. et al. Engineered botulinum neurotoxin B with improved
binding to human receptors has enhanced efficacy in preclinical
models. Sci. Adv. 5, eaau7196 (2019).

67. Weisemann, J. et al. Generation and characterization of six recom-
binant botulinum neurotoxins as reference material to serve in an
International Proficiency Test. Toxins (Basel) 7, 5035-5054 (2015).

68. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125-132
(2010).

69. Adams, P. D. et al. PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol.
Crystallogr. 66, 213-221 (2010).

70. Persson, E. K. et al. Protein crystallization promotes type 2 immunity
and is reversible by antibody treatment. Science 364, eaaw4295
(2019) https://doi.org/10.1126/science.aaw4295.

71. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486-501 (2010).

72. Murshudov, G. N. et al. REFMACS for the refinement of macro-
molecular crystal structures. Acta Crystallogr. D Biol. Crystallogr.
67, 355-367 (2011).

73. Brunger, A. T. Free R value: a novel statistical quantity for assessing
the accuracy of crystal structures. Nature 355, 472-475 (1992).

74. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystal-
logr. 66, 12-21 (2010).

75. Corpet, F. Multiple sequence alignment with hierarchical cluster-
ing. Nucleic Acids Res. 16, 10881-10890 (1988).

76. Robert, X. & Gouet, P. Deciphering key features in protein structures
with the new ENDscript server. Nucleic Acids Res. 42, W320-W324
(2014).

Acknowledgements

We would like to thank Dr. Feng Qiao for sharing with us the OctetRED96
(ForteBio) for BLI assays. This work was partly supported by National
Institute of Health grants R21A1123920, R21A1156092, RO1AI158503 to R.J.;
RO1AI125704 to R.J. and C.B.S.; RO1AI139087 to R.J. and M.D.;
ROINS080833 and RO1AI132387 to M.D.; the German Federal Ministry of
Education and Research grant 031L0111B/161LO111B to A.R. M.D. holds the
Investigator in the Pathogenesis of Infectious Disease award from the
Burroughs Wellcome Fund. NE-CAT at the Advanced Photon Source
(APS) is supported by a grant from the National Institute of General
Medical Sciences (P30 GM124165), and the Eiger 16M detector on the 24-
ID-E beamline is funded by an NIH-ORIP HEI grant (3100D021527). Use of
the APS, an Office of Science User Facility operated for the U.S. Depart-
ment of Energy (DOE) Office of Science by Argonne National Laboratory,
was supported by the U.S. DOE under Contract No. DE-AC02-06CH11357.

Author contributions

Conceptualization: Z.L. and R.J.; Methodology and Investigation: Z.L., P.-
G.L.,N.K,K.-h.L,H.L.,AP,P.C.,G.Y., S.Z,and K.P.; Key reagents: J.M.T.
and C.B.S.; Writing-original draft: Z.L. and R.J.; Writing-review and edit-
ing: Z.L., C.B.S., AR., M.D., and R.J; Supervision: A.R., M.D., and R.J.;
Funding acquisition: C.B.S., A.R., M.D., and R.J.

Nature Communications | (2023)14:2338

13


https://doi.org/10.3390/toxins12100616
https://doi.org/10.3390/toxins12100616
https://doi.org/10.3390/toxins12100611
https://doi.org/10.3390/toxins8050154
https://doi.org/10.3390/toxins8050154
https://doi.org/10.3390/toxins10050208
https://doi.org/10.3390/toxins10050208
https://doi.org/10.1126/science.aaw4295

Article

https://doi.org/10.1038/s41467-023-37860-8

Competing interests

R.J. is a co-founder, shareholder, and consultant of Claruvis Biotech, a
shareholder of MingMed Biotech, and the founder of J&Z Consulting.
R.J.'s relationship with these companies has been reviewed and
approved by the University of California Irvine in accordance with its
competing interest policies. A provisional patent application has been
filed by The Regents of the University of California on the use of the
structural information described in this manuscript to engineer BONT/E
for therapeutic and cosmetic applications with R.J. and Z.L. as inventors.
The remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37860-8.

Correspondence and requests for materials should be addressed
to Min Dong or Rongsheng Jin.

Peer review information Nature Communications thanks the other
anonymous reviewer(s) for their contribution to the peer review of this
work. Peer review reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:2338

14


https://doi.org/10.1038/s41467-023-37860-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Structural basis for botulinum neurotoxin E�recognition of synaptic vesicle protein 2
	Results
	VHH-G6 blocks ganglioside binding of BoNT/E
	SV2A–G6 fusion protein mimics the dual receptors of BoNT/E
	Engineering a SV2A-SV2C chimera capable of binding to HCE
	The structure of HCE in complex with SV2A
	BoNT/E grips the sialic acid of SV2A glycan
	BoNT/E and BoNT/A exploit distinct glycan-binding modes
	Simultaneous binding to the protein- and glycan-moiety of SV2A is crucial for BoNT/E function
	BoNT/E selectively recognizes SV2A and SV2B, but not SV2C

	Discussion
	Methods
	Ethics statement
	Cloning, expression, and purification of recombinant proteins
	Crystallization
	Data collection and structure determination
	Liposome co-sedimentation assay
	Pulldown assay
	Protein melting assay
	Biolayer interferometry assay
	Antibodies and constructs
	Mouse lines and pregnant rats
	Neuron culture and lentivirus transduction
	HCE binding to neurons
	Entry of BoNT/E into neurons
	Mouse phrenic nerve hemidiaphragm assay
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




