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Abstract

& oPeN AccESS The exceptional toxicity of botulinum neurotoxins (BoNTs) is mediated by high avidity bind-

ing to complex polysialogangliosides and intraluminal segments of synaptic vesicle proteins
embedded in the presynaptic membrane. One peculiarity is an exposed hydrophobic loop in
the toxin’s cell binding domain Hc, which is located between the ganglioside- and protein
receptor-binding sites, and that is particularly pronounced in the serotypes BoNT/B, DC,
and G sharing synaptotagmin as protein receptor. Here, we provide evidence that this Hc
loop is a critical component of their tripartite receptor recognition complex. Binding to nano-
disc-embedded receptors and toxicity were virtually abolished in BONT mutants lacking resi-
dues at the tip of the Hc loop. Surface plasmon resonance experiments revealed that only
insertion of the H¢ loop into the lipid-bilayer compensates for the entropic penalty inflicted by
the dual-receptor binding. Our results represent a new paradigm of how BoNT/B, DC, and G
employ ternary interactions with a protein, ganglioside, and lipids to mediate their extraordi-
nary neurotoxicity.
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Botulinum neurotoxins are Janus-faced molecules: due to their exquisite toxicity, botuli-
num neurotoxins are considered as biological weapons, but they are also highly effective
medicines for numerous neurological indications. However, what mediates their exquisite
toxicity? The exclusive binding to neurons and the subsequent paralysis cuts off the host’s
communication networks. The neurospecific binding is ensured by anchoring to two
receptor molecules both embedded in the membrane: a complex ganglioside and a synap-
tic vesicle protein. Here, we reveal a third interaction between a hydrophobic so-called Hc
loop protruding from the surface of the serotypes BoNT/B, DC, and G into the lipid
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that no competing interests exist. membrane. Only this Hc loop ensures their high-affinity binding to the neuronal recep-
tors also at physiological temperature (37°C). Hereby, BoNT/B, DC, and G prevent
untimely dissociation prior to uptake into the neuron. Therefore, our study provides the
mechanistic basis for the development of inhibitors to combat botulism, but it also has
implications for engineering toxin—membrane interactions yielding optimized BoNT-
based therapeutics to treat neuromuscular dysfunctions successfully. Intriguingly, a
broadly neutralizing anti-HIV-1 antibody shares a similar strategy, emphasizing the gen-
eral relevance of our results for host—pathogen interactions.

Introduction

Botulinum neurotoxins (BoNTs) are the most toxic bacterial toxins known and are produced
e.g. in food by the anaerobic, spore-forming bacteria Clostridium (C.) botulinum, C. butyricum,
and C. baratii. When contaminated food is ingested, BoNTs specifically inhibit acetylcholine
release at the neuromuscular junctions. The resulting flaccid paralysis called botulism can lead
to death by respiratory failure [1]. Due to their extraordinary toxicity (intraperitoneal median
lethal dose (LDsp): 1 ng/kg [2]), BONTSs are regarded as a potential biothreat agent [3]. On the
other hand, the BoNTs are successfully exploited as pharmacological agents for a broad range
of medical and cosmetic applications [4]. Both their potency and specificity can be attributed
to an elaborate and elegant mode of action, mediated by the different domains of the 150 kDa
molecule [5]. First, the 50 kDa C-terminal domain H of the 100 kDa heavy chain (HC) medi-
ates high-affinity binding to specific receptors on the presynaptic membrane. Next, BoNT is
taken up into recycling synaptic vesicles whereupon acidification causes the 50 kDa N-termi-
nal domain (Hy) to form a pore through which the 50 kDa light chain (LC) is translocated
into the cytoplasm. Finally, LC specifically cleaves different members of the soluble N-ethyl-
maleimide-sensitive-factor attachment receptor (SNARE) protein complex which inhibits
fusion of neurotransmitter-filled vesicles at cholinergic synapses. Until now, seven established
BoNT serotypes (BoNT/A-G) and the newly pronounced BoNT/HA [aka BoNT/H or BoNT/
FA], BoNT/X, and eBoNT/J [aka BoONT/En]) with more than 40 subtypes have been described
which differ by the usage of their specific receptors, their substrate recognition, and/or specific
cleavage site targeted [6-9].

According to the current dual-receptor binding paradigm, the simultaneous interaction
with a protein and a carbohydrate receptor is needed for high-affinity binding of most sero-
types [10-13]. While polysialogangliosides constitute the carbohydrate receptors, the luminal
domains of different isoforms of the synaptic vesicle proteins SV2 (SV2A, B, C) and synapto-
tagmin (Syt-I or II) were identified as the protein receptors (reviewed in [14]). Here, BONT/A
and E bind to SV2 [13, 15-21] whereas BoONT/B, G, and the mosaic serotype BONT/DC bind
to Syt-Tand II [11, 12, 22-28]. For BONT/D and F, the functional details of the contribution of
SV2 to receptor binding still need to be elucidated [29-31]. No protein receptor has been iden-
tified for BONT/C [32, 33], BoONT/X, and eBoNT/J so far. Instead, binding of BoONT/C is medi-
ated by two independent ganglioside-binding sites (GBS) and an interjacent WY-loop rich in
aromatic residues [34-37]. A similar loop called ganglioside-binding loop (GBL) is present in
BoNT/DC, and a role in binding to isolated ganglioside GM1a has been demonstrated [35].
The mutations of the three aromatic residues Y1251, W1252, and F1253 to alanine in the GBL
region as well as GBL deletion equally abolished binding to GM1a, GD1a, and GQ1b embed-
ded into a 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC) monolayer and binding
and uptake into P19-derived neurons [38]. Lately, identical H-DC mutants were shown to
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lack binding to liposome-embedded ganglioside mix, but also to phosphatidylcholine-only
liposomes, while H-DC wild-type exhibited weak binding [39]. Interestingly, the well-charac-
terized Syt-binders BoNT/B and G also exhibit hydrophobic loops at analogous positions (Fig
1A) which we will call ‘Hc loop’ in this work. Contributions of their Hc loops to membrane
binding were hypothesized but have never been shown experimentally [23, 24, 40].

In this work, we generated recombinant full-length BoNTs and isolated receptor-binding
domains Hc of BONT/B, DC, and G devoid of key residues in their H¢ loops and analyzed the
contribution of the H¢ loop to both binding and toxicity. Here, markedly reduced toxicities of
BoNT AH¢ loop mutants indicate a key role for the H¢ loop in mediating the high toxicity.
Systematic surface plasmon resonance (SPR) measurements revealed that binding of HcB,
HcDC, and HcG AH loop mutants to isolated Syt-II remains unaltered, while stable binding
to gangliosides or Syt-II incorporated into micelles and/or nanodiscs is lost. The low-affinity
binding of HcB, HcDC, and HcG AH¢ loop mutants towards dual-receptor nanodiscs con-
taining both Syt-II protein and GT1b ganglioside receptors pinpoints the critical contribution
of this structural feature in BONT/B, DC, and G for the membrane binding. Thermodynamic
binding analysis deciphers that the insertion of the H¢ loop into the lipid bilayer compensates
for the large entropic penalty imposed by the dual-receptor binding. Our results show that the
hydrophobic H¢ loop of BONT/B, DC, and G is an integral component of the receptor binding
and that ternary interactions between three different classes of molecules—proteins, ganglio-
sides and lipids—are needed to mediate stable and high-affinity binding of BoNT/B, DC, and
G to exert their exquisite toxicity.

Results

An exposed hydrophobic loop resides between the ganglioside- and protein
receptor-binding sites of BONT/B, DC, and G

Crystal structures of the cell-binding domains of BONT/B, DC and G (HcB, HcDC and HcG,
respectively) reveal the presence of a flexible, exposed peptide loop interjacent to the conserved
ganglioside- and Syt protein receptor-binding sites in the C-terminal half of the H; domain
(Hcc)[22, 24, 40]. These He loops comprise amino acids E1245-E1252 in HB, F1245-H1255
in HcDC and K1250-D1257 in HcG and are rich in aliphatic and especially aromatic amino
acids (Fig 1A, S1 Fig). Interestingly, an analogous loop is absent in crystal structures of HcA,
HcE and HcF which all employ SV2 as protein receptor [41-43]. To analyse the role of the H¢
loop of BoNT/B, DC and G in the binding mechanism three mutants lacking 3-5 mainly ali-
phatic and aromatic amino acid residues were constructed (AH¢ loop mutants: HcB
AG1247-F1250, HcDC AY1251-F1253 and HcG AY1252-W1256). Subtype BoNT/B4, the
most diverse BONT/B subtype and major cause for food borne botulism e.g. in UK, displays a
basic (Arg) instead of an aromatic residue (Phe) in the H¢ loop (S1 Fig). Therefore, an addi-
tional HcB mutant was constructed comprising the exchanges 11248L/V1249L/F1250R based
on the most diverse Hc loop of the BoONT/B4 subtype (S1 Fig) produced by the non-proteolytic
strain Templin [44]. All full-length BoNT and Hc fragment AH¢ loop mutants were expressed
and isolated in yields similar to the corresponding wild-type constructs indicating no major
structural impairment due to the absence of the Hc loop peptide. All AH loop mutants dis-
played a slightly faster migration pattern than the respective wild-type proteins in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis due to their decreased
molecular weight (S1 Fig). Circular dichroism (CD)-spectroscopy and thermal denaturation
experiments of the three AH loop mutants vs. the three wild-type Hc fragments indicated no
change in secondary structure (S1 Fig).
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Fig 1. A hydrophobic loop is located between the synaptotagmin- and ganglioside-binding site of BONT/B, DC, and G which confers high-affinity receptor
binding and high toxicity of BONT/B, DC, and G. A Superposition of dual-receptor binding of BONT/B (blue ribbon; PDB IDs 1IEPW [55] and 4KBB [11]) to
ganglioside GD1a (space fill model) and synaptotagmin-II (green ribbon), BONT/G (pink ribbon PDB ID 2VXR [40]), and the interaction between BoNT/DC
(magenta ribbon) and synaptotagmin-II (dark green ribbon side view; PDB ID 4ISR [22]) in proximity to a model membrane. Key amino acids of the hydrophobic
loop (B: G1247-F1250, DC: Y1251-F1253; black box and insert) located between the ganglioside and synaptotagmin-binding sites are shown as stick models. B
Determination of neurotoxicity of BONT AHc loop vs wild-type in MPN assay. The neurotoxicity of single chain (sc) scBoONTBSL AG1247-F1250 (n = 4),
scH6tBoNTDCS AY1251-F1253 (n = 4), and BONTGS AY1252-W1256 (n = 2) was determined in comparison to the corresponding BoNT wild-type using dose-
response curves (data are represented as mean + SD). C GST pull down of wild-type and AH¢ loop-mutants of HcB, HcDC, and HcG by GST-synaptotagmin-II with
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or without gangliosides in Triton X-100 micelles. Binding of 100 pmol of the wild-type or AH¢ loop Hc fragments to 150 pmol GST-rSyt-1I 1-61, 1-90, or 1-90 in 20
mM Tris pH 8, 80 mM NaCl, 0.5% Triton X-100 in the presence of 125 ug of ganglioside mix (Gmix) embedded in Triton X-100 micelles immobilized to glutathione-
sepharose 4B matrix and subsequent SDS-PAGE analysis (see also S2 Fig; data are represented as mean + SD, n = 3).

https://doi.org/10.1371/journal.ppat.1007048.g001

The hydrophobic Hc loop in between the ganglioside- and protein
receptor-binding site is required for high toxicity

First, the potency of the three full-length BONT AH¢ loop mutants was assessed using the
mouse phrenic nerve hemidiaphragm (MPN) assay. This ex vivo assay mimics the respiratory
failure terminally induced in botulism by intoxicating an explanted hemidiaphragm [12, 30,
45]. The addition of BoNTs to the organ bath impairs nerve—muscle transmission and causes
progressive muscle neuroparalysis. Dose—response calibration curves for BONT/B, DC, and G
wild-type toxins were generated and used to calculate the potency of the respective BONT AH¢
loop mutants. While 2 nM BoNT/B wild-type caused 50% paralysis in 78 min, 20 nM BoNT/B
AG1247-F1250 were required for a similar paralysis time of 81 min which constitutes a residual
potency of 0.83% (Fig 1B). Likewise, the potencies of BONT/DC AY1251-F1253 and BoNT/G
AY1252-W1256 were calculated as 0.40% and 0.16% of the respective BONT wild-types.
Hence, deletion of the Hc loop drastically impairs the neurotoxicity of BoONT/B, DC and G,
indicating an integral role of this structural feature in their mechanism of action.

AHc loop mutants display reduced binding to dual-receptor Triton-
micelles

Glutathione S-transferase (GST) pull down assays were set out to determine the contribution
of the hydrophobic Hc loop to the toxin—receptor interactions. As previously demonstrated
[12], HeB and HcG wild-type showed robust binding to their protein receptor Syt-II lacking
the transmembrane domain (TMDj; GST-rSyt-1I 1-61), but reduced binding when Syt-II com-
prises its TMD (GST-rSyt-II 1-90) solvated in Triton X-100 micelles (Fig 1C, S2 Fig). Upon
addition of complex polysialogangliosides, HcB and HcG wild-type reached their maximum
binding to GST-rSyt-II 1-90 due to the dual-receptor interaction. Also BONT/DC recognizes
Syt-I and Syt-II as protein receptor [22, 26]. In GST pull down assays, HcDC wild-type shows
a similar binding pattern to the diverse Syt-II configurations although at lower affinity, pre-
sumably due to the different Syt-binding site in the H¢c (Fig 1C). Gangliosides marginally
contribute to HcDC-binding to Syt-II inserted into detergent micelles, indicating a lower
affinity of ganglioside binding in BoNT/DC.

Analysis of pure protein-protein interactions between AHc loop mutants (HcB
AG1247-F1250, HcB 11248L/V1249L/F1250R, HcDC AY1251-F1253, HcG AY1252-W1256)
and their protein receptor GST-rSyt-II 1-61 revealed binding affinities virtually identical to
those of Hc wild-types clearly demonstrating that shortening the respective Hc loop did not
impair protein receptor recognition (Fig 1C). Addition of the Syt-II TMD to insert GST-Syt-II
1-90 into Triton X-100 micelles almost abolished binding of HcB AG1247-F1250 as well as
HcG AY1252-W1256 and drastically reduced binding of HB 11248L/V1249L/F1250R while
the already low affinity of H-DC was hardly reduced by the deletion AY1251-F1253. Addition
of gangliosides did not restore binding of HcDC AY1251-F1253 and HcG AY1252-W1256,
but partially rescued binding of HcB AG1247-F1250 to GST-rSyt-II 1-90 and fully restored
the binding of HB 11248L/V1249L/F1250R towards GST-rSyt-1I 1-90. Hence, the H¢ loop
plays an integral role for BONT/B, DC, and G in the recognition of membrane-embedded
receptor structures. Furthermore, results of the B4-like Hc loop mutant indicate that aromatic
residues are not an absolute requirement for membrane interaction.
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Kinetic analysis employing nanodisc-embedded receptor molecules reveals
that interactions with gangliosides, proteins, and lipids are crucial for high-
affinity binding

To precisely decipher the contribution of the individual components of the receptor complex
in a quasi-natural environment, we analyzed the binding of the recombinant Hc domains to
receptor molecules embedded in phospholipid-bilayer nanodiscs (reviewed in [46]) by SPR
measurements. Here, we generated four different types of nanodiscs harboring specific BONT
receptor components: (1) empty nanodiscs consisting only of membrane scaffold proteins
(MSPs) and POPC lipids, (2) nanodiscs additionally containing GT1b as ganglioside receptors,
(3) nanodiscs alternatively containing GST-rSyt-II 1-90 as protein receptor, and finally (4)
nanodiscs containing both GT1b and Syt-II to analyze the dual-receptor binding (Fig 2).

We determined the binding kinetics and affinity of the recombinant receptor-binding
domains Hc of BONT/B, DC, and G by SPR. First, we measured the binding of H to the intra-
luminal domain 1-61 of Syt-II to exclude detrimental effects by AHc loop mutations on the
Syt-binding site (Fig 3A). No differences were observed between the binding affinities of the
H¢ wild-types compared to the mutants tested (Table 1, S4 Fig), again demonstrating that the
mutations did not impair binding to isolated protein receptor Syt-II. All binding kinetics show
rapid association and immediate dissociation indicating that Syt-binding alone is insufficient
to mediate high-affinity and stable receptor binding.

Subsequently, we analyzed the binding of H to receptor molecules embedded into phos-
pholipid-bilayer nanodiscs by SPR. Empty nanodiscs were immobilized on the negative con-
trol flow cells while either GT1b-, Syt-II- or dual-receptor nanodiscs were immobilized on the
measurement flow cells using the His-tag fused to MSP. Hereby, we ensured that any addi-
tional binding signals could only be caused by receptor molecules integrated into nanodiscs.

Hc wild-types showed low binding affinities in the yM-range to GT1b nanodiscs while the
AH¢ loop mutants lacked any binding (Fig 3B, Table 1). This indicates that the H¢ loop is
needed for the interaction with GT1b integrated in lipid membranes, but this set-up does not
differentiate whether the Hc loop mediates interactions with the ceramide portion of the gan-
gliosides or the POPC lipids. However, when binding to Syt-II nanodiscs was tested (Fig 3C),
the complete lack of binding of all AHc-loop mutants indicates an indispensable role of the H¢
loop when BoNT/B, DC, and G bind to Syt-II embedded into a lipid bilayer. These results
were also in good agreement with the pull-down data (Spearman r = -0.96; Fig 1C, 54 Fig).
Interestingly, the HcB 11248L/V1249L/F1250R mutant mimicking the H¢ loop of subtype
BoNT/B4 showed binding to Syt-II nanodiscs albeit with ~15 times lower affinity than HcB
wild-type. Of the eight residues (E1245-E1252) comprising the BoNT/B H¢ loop, only three
residues are strictly conserved and two aliphatic residues are similar in all eight BONT/B sub-
types (S1 Fig). Here, exchange of F1250R might be the main cause for the reduced affinity of
HcB 11248L/V1249L/F1250R. Overall, Hc wild-type binding to Syt-II embedded into nano-
discs is more stable than the binding to Syt-II 1-61 only or to gangliosides embedded into
nanodiscs, but not sufficiently stable to exert the exquisite potency observed.

Finally, when binding to dual-receptor nanodiscs was analyzed, high-affinity and stable
interactions were only observed for HcB wild-type as well as HcB 11248L/V1249L/F1250R
(Fig 3D), indicating that the H¢ loop binding is conserved across the BONT/B subtypes despite
differences in amino acid sequence. This demonstrates that three components, the ganglio-
side-binding site, the protein receptor-binding site, and the hydrophobic H loop, are crucial
for efficient membrane binding. Along this line, the mutant HcB AG1247-F1250 showed a
40-fold reduced affinity and unstable binding compared to HcB wild-type. An even more dras-
tic situation accounts for BONT/DC and G whose AH¢ loop mutants showed no or only very
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https://doi.org/10.1371/journal.ppat.1007048.9002

low binding, which is in good agreement with results obtained by pull-down assays (Spearman
r = -0.99; 54 Fig). The binding affinity of 5.9 + 0.2 nM for HcB wild-type to dual-receptor
nanodiscs corresponds well to previously reported Kps determined by pull down of BoNT/B
by Syt-II and GT1b incorporated in Triton X-100 micelles of 7.0 £ 0.6 nM [23]. Binding of
full-length BoNT/B to Syt-II and GT1b incorporated in lipid vesicles or exosomes resulted in
slightly higher affinities of 0.23 nM when measured in a filtration assay [47], or 0.6 nM by SPR
[48]. Latter deviations could be explained by different read-out systems and the more physio-
logical membrane composition of the exosomes, respectively. The affinity of HcDC wild-type
to dual-receptor nanodiscs is similar to an apparent K, determined by pull-down assays using
Triton X-100 micelles (160 nM vs. 172 + 14 nM [26]). Altogether, the marked reduction in dis-
sociation-rate constants due to the formation of a highly stable BONT-receptors complex was
clearly visible in our work. In conclusion, our data clearly show that the current dual-receptor
model has to be extended by the Hc loop-mediated interaction of BONT/B, DC, and G with
the lipid membrane, which ensures the high-affinity and stable receptor binding to a tripartite-

receptor binding model.
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Fig 3. Kinetic analysis employing nanodisc-embedded receptor molecules reveals that interactions with gangliosides, proteins, and lipids are crucial for high-
affinity binding. SPR-sensorgrams for the determination of binding kinetics of recombinant Hc receptor-binding domains to isolated GST-Syt-II 1-61 (A), GT1b
nanodiscs (B), GST-Syt-II 1-90 nanodiscs (C), or dual-receptor nanodiscs containing both GT1b and GST-Syt-II 1-90 (D). Shown is one representative of two
measured binding responses (red) overlaid with fits (black lines) from 1:1 Langmuir interaction models or a heterogeneous binding model (marked by asterisk), see
Table 1 for kinetic data.

https://doi.org/10.1371/journal.ppat.1007048.9003

Membrane integration of the H¢ loop compensates for the entropic penalty
inflicted by dual-receptor binding at physiological temperatures

For a deeper understanding of the underlying mechanism governing the contribution of the
hydrophobic H¢ loop to the high-affinity binding, we determined the thermodynamic binding
parameters exemplarily for the HcB wild-type and AG1247-F1250 mutant to Syt-II or dual-
receptor nanodiscs, respectively, by SPR. To this aim, the temperature-dependence of the
binding affinity was determined by measuring the interaction at four different temperatures
(11°C, 15°C, 25°C, and 37°C) from which AG®, AH", and -TAS" were calculated by van’t Hoff
plots (Fig 4, S5 Fig).

The thermodynamic binding parameters determined for binding of HcB wild-type to iso-
lated Syt-II by SPR were in close agreement with the binding parameters previously deter-
mined by isothermal titration calorimetry [24] and show that the interaction is favored by
both entropy and enthalpy (Fig 4, Table 2). Binding of HB wild-type to nanodisc-incorpo-
rated Syt-II was largely driven by enthalpy (-58.4 kJ/mol) but opposed by entropy (18.99 kJ/
mol), indicating a different mode of binding despite similar free Gibbs energy (AG*). On the
contrary, binding of HcB wild-type to dual-receptor nanodiscs was essentially driven by a gain
in binding entropy (-32 kJ/mol) while the enthalpic contribution (AH" = -14 kJ/mol) was
minor. The thermodynamic profile of the interaction of HcB AH¢ loop with dual-receptor
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Table 1. Binding kinetics and affinity of the recombinant receptor-binding domains H¢ and the respective Hc loop mutants towards different ligands

(mean + standard deviation of n = 2 replicate measurements; 25°C).

Ligand Analyte k, (M's)™® ka (s)™° Kp (M)*
GST-rSyt-1I 1-61 HcB 5.7 +1.8 x 10° 8.4+0.8x 1072 1.5+0.4x 1077
HcB AG1247-F1250 5.1+0.9 x 10° 6.1 £0.6 x 1072 1.2+1.1x 1077
H¢B 11248L/V1249L/F1250R 5.5+0.8 x 10° 6.5+0.9x 1072 1.240.0 x 1077
HcDC® 23x10° 24x107" 1.8+0.2 x 107¢
HcDC AY1251-F1253°¢ 1.9 x 10° 23x107" 1.340.6 x 107°
HcGE 5.6 x 10° 41x107" 9.0+2.2x107
HcG AY1252-W1156° 3.7 x10° 3.1x107" 1.5+0.6 x 10°°
Nanodiscs HcBY 5.9 +4.7 x 10* 1.2 +0.4 x 10° 32432x107°
+ GT1b HcB AG1247-F1250 n.b. n.b. n.b.
HcB 11248L/V1249L/F1250R n.b. n.b. n.b.
HcDC 2.0+1.5%x10° 23402 x 10° 1.5+1.1x107°
HcDC AY1251-F1253 n.b. n.b. n.b.
HcG 2.5+1.2x10° 1.2 0.4 x 10° 5.8 +4.4x107°
HcG AY1252-W1156 n.b. n.b. n.b.
Nanodiscs HcB 2.0+1.8%x10° 40+32x1072 2.1+0.2%x1077
+ GST-rSyt-I1 1-90 HcB AG1247-F1250 n.b. n.b. n.b.
H¢B 11248L/V1249L/F1250R 9.4 0.8 x 10° 29409 x 1072 32#13x107°
HcDC 5.6 +2.9 x 10° 49425x 107" 8.7+0.1x 1077
HcDC AY1251-F1253 n.b. n.b. n.b.
HcG 2.4+2.0x10° 1.1+0.9x 107" 4.4+0.0x 107
HcG AY1252-W1156 n.b. n.b. nb
Nanodiscs HcB 8.6 +0.4 x 10* 5.0 +0.0 x 107* 59402 x 1077
+GT1b HcB AG1247-F1250 2.7 #12x10° 6.4+23x1072 24402 x1077
+ GST-rSyt-II 1-90 HcB 11248L/V1249L/F1250R 8.1 +0.0 x 10* 9.5+0.1x 107" 1.240.0x1078
HcDC 3.9+0.4 x 10° 6.3+0.6x107" 1.6 +0.0 x 1077
HcDC AY1251-F1253 n.b. n.b. n.b.
HcG 32+29x%x10° 1.5+1.7 x 107 3.8+2.0x1078
HcG® 3.740.3 x 10° 22+02x%x107" 6.0+1.0x 1077
HcGE 4.9 +0.3 x 10° 2.6+0.0x107° 5.4+0.3 x107°
HcG AY1252-W1256 n.a. n.a. 1.140.0x107°

* n.b.: no binding observed

® n.a.: not analyzed

© Reliable kinetic binding data (k,, k,) could only be obtained for one of the two replicates due to rapid binding kinetics.

4 Only very low binding levels observed.

¢ Analyzed by heterogeneous ligand-binding model: low-affinity component.

f Analyzed by heterogeneous ligand-binding model: high-affinity component.

https://doi.org/10.1371/journal.ppat.1007048.t001

nanodiscs is similar to that of HcB wild-type with Syt-II-only nanodisc, exhibiting an impor-
tant contribution of the H¢ loop to the high gain in entropy. As a direct consequence, at physi-
ological temperatures of 37°C, which reduces the contribution of entropy compared to 25°C
(-TAS"), only HcB wild-type still displays a high-affinity interaction with dual-receptor nano-
discs while the affinity of HcB AH¢ loop is reduced ~50-fold (S1 Table). In general, our ther-
modynamic analysis elucidates that the interplay of all three receptor components is
indispensable for effective stabilization of the tripartite toxin—receptor complex under physio-
logical temperatures, with the H¢ loop providing a significant gain in entropy.
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Fig 4. Membrane integration of the Hc loop compensates for the entropic penalty inflicted by dual-receptor binding at physiological temperatures. A
Representative SPR-sensorgrams for determination of thermodynamic binding parameters for HcB wild-type or the AH¢ loop mutant to isolated Syt-II, Syt-II
nanodiscs, or dual-receptor nanodiscs measured at the temperatures indicated in the bar above the graphs. B. Thermodynamic profile depicting binding enthalpy (AH
*), entropy (-TAS"), and the standard Gibbs free energy (AG*) for those interactions; see also Table 2 for thermodynamic data.

https://doi.org/10.1371/journal.ppat.1007048.9004

Discussion

In this manuscript, we analyzed for the first time the interaction of BoNT/B, DC, and G with
their receptor components in the quasi-natural environment of phospholipid-bilayer nano-
discs which allowed new insights into the BoNT-receptor interaction and their kinetics at
physiological conditions. We show how the hydrophobic Hc loop located between the ganglio-
side- and protein receptor-binding sites of the toxin plays a crucial role in the mechanism of
action of BONT/B, DC, and G, all binding the protein receptors Syt-I and Syt-II. Figuratively
speaking, the toxin provides its He loop as anchor to hook up with the eukaryotic synaptic cell

Table 2. Thermodynamic binding parameters of HcB and HcB AG1247-F1250 (mean + SD of n = 4 (HcB—Syt-II) or n = 2 (others) replicate measurements).

Interaction AH’ (kJ/mol) -TAS’ (kJ/mol at 25°C) AG’ (kJ/mol at 25°C) Kp (nM at 25°C)®
HcB—Syt-1T1° -30.9 -11.2 -42.2 34
HeB—Syt-1I -30.3 £0.7 -7.9 £0.7 -38.27 £0.02 190 +15
HcB—Syt-1I nanodiscs -58.4 0.2 18.99 £0.03 -39.4 +£0.2 140 +14
HcB AG1247-F1250 —~Dual-receptor nanodiscs -61 10 22 10 -39.5+0.4 120 +31
HcB—Dual-receptor nanodiscs -14 £10 -32 19 -47.8 0.1 4.4 +0.3

 For comparison: values taken from [24].

® For comparison: affinity data at 25°C. Full kinetic and affinity data shown in supporting Table 1.

https://doi.org/10.1371/journal.ppat.1007048.t002
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Fig 5. Functional model of ternary interactions of BoNT/B, DC, and G with the neuronal membrane. BoNT (H, green oval; Hc loop, red) forms a highly stable
BoNT-receptors complex, involving an SV protein (Syt-II, green helix), a carbohydrate portion (empty hexagons) of gangliosides, and membrane lipids, that is critical
to confer the toxin’s exquisite toxicity. Initial electrostatic interactions of Hc loop residues with negatively charged phospholipid-headgroups cause a gain in binding
enthalpy, which cannot overcome the unfavorable contribution of the binding entropy by restrictions on the rotational and translational degrees of freedom upon
binding. Only ganglioside-triggered burial of the Hc loop into the membrane bilayer can compensate the initial entropic penalty by releasing water molecules (white-
red balls) from the interaction surface.

https://doi.org/10.1371/journal.ppat.1007048.9005

membrane (Fig 5). This Hc loop stabilizes high-affinity binding of BONT/B, DC, and G to the
membrane-embedded receptors, thereby contributing to their exquisite neurotoxicity. More-
over, our thermodynamic binding analysis exhibits that the H¢ loop integrating into the mem-
brane during receptor binding compensates for the loss of rotational freedom upon the dual-
receptor binding. In essence, at least for BONT/B, DC, and G, stable toxin—receptor interac-
tions are based on ternary interactions involving proteins, gangliosides, and lipids (Fig 5) and
not just on binary interactions as previously predicted [10].

Crystal data of the BONT/B-Syt-II binary toxin—receptor complex suggested a close prox-
imity of the H¢ loop to the cell membrane upon protein—receptor binding, and a role of this
hydrophobic loop in membrane interaction was hypothesized [23, 24]. This hypothesis was
revived but not proven upon crystallization of HcG, also comprising a prominent H¢ loop too
flexible to be visible in the crystal structure [40]. Before structural data was available, site-
directed mutagenesis of the W1258/Y1259 (WY) motif in BONT/C Hc showed a moderate
effect on ganglioside binding and strong effects on synaptosomal membrane binding and
neurotoxicity [30, 49]. Consecutive structural data of H-C allocated this WY motif into
an analogous Hc loop and confirmed the previous binding and toxicity data [34, 35]. In
parallel, Strotmeier et al. could demonstrate experimentally the importance of an analogous
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hydrophobic Hc loop (F1240-Y1246) observed in the BONT/D H¢ crystal structure for neuro-
nal membrane binding and neurotoxicity [50], which was essentially confirmed afterwards
[51]. The Hc fragment of BONT/DC, 74% identical to BONT/C Hc, employs Syt-I and -II as
protein receptor and displays an extended Hc loop. The mutation W1252A in the loop region
reduced binding of HcDC to coated ganglioside GM1 as well as to primary cortical neurons,
which led the authors to term the region ganglioside-binding loop (GBL) [35]. Independent
mutational analysis showed drastically reduced binding of H-DC H¢ loop mutants to P19
neurons as well as to ganglioside-containing POPC liposomes, irrespective of the carbohydrate
moiety of gangliosides GM1a, GD1a, and GQ1b used in these SPR analyses [38]. Due to the
absence of HcDC binding to POPC-only liposomes, Nuemket et al. excluded any lipid mem-
brane interaction of the Hc loop, but postulated instead that the hydrophilic portion of the cer-
amide would be targeted by the H¢ loop region [38]. However, the highest concentration of
the Hc-fragment tested was 500 nM; thus highly transient and low-affinity interactions fre-
quently observed for lipid-binding proteins [52, 53] remain undetected by the SPR method.
Very recently the work by Zhang et al. added significantly to our understanding of the ganglio-
side recognition as well as the membrane interaction by the Hc loop region for BONT/DC.
Their most intriguing finding was that the H¢ loop of BONT/DC directly interacts with lipids
only. In addition, the three single mutations Y1251A, W1252A, and F1253A designed by
Nuembket et al. abolished HcDC interaction with lipids as well as liposome-embedded ganglio-
sides [39]. These data agree well with our results showing that AH¢ loop mutants do not bind
to GT1b embedded in nanodiscs (Fig 3B). Altogether, the above data for BONT/C, D, and DC
cannot decipher whether the H loop directly participates in ganglioside binding or mem-
brane binding only or both, because isolated gangliosides already form micelles by themselves
due to their ceramide portion, which enables insertion of the Hc loop into the ganglioside
micelle membrane. For BONT/B, biochemical and structural studies definitely demonstrated
that the carbohydrate moiety of only a single ganglioside exclusively interacts with residues of
the conserved ganglioside-binding site in the neighborhood of the Hc loop but not with H¢
loop residues themselves [11, 54, 55]. Analogous conclusions can be drawn for BONT/G [12,
28, 40]. So far, no structural study has visualized or pointed towards direct interaction between
an Hc loop and the carbohydrate moiety of gangliosides. Our experimental approach, using
only the luminal domain of the protein receptor Syt-II in the absence of any lipids and only
Syt-II integrated either into Triton X-100 micelles or nanodiscs, unambiguously proves an
interaction of the H¢ loop with the lipids. Here, deleting terminal residues at the tip of the Hc
loop did not impair the interaction of HcB, HcDC, and HcG with isolated Syt-II, but caused a
strong reduction of the binding affinity towards nanodisc- or Triton X-100 micelle-embedded
Syt-II. These findings can only be explained by interactions of the H¢ loop with membrane lip-
ids. Along this line, Zhang et al. were able to demonstrate low-affinity binding of HcDC wild-
type, but not HcC and HD, to pure PC liposomes by immunoblot analysis which was abol-
ished by above-mentioned single-residue mutations in the H¢ loop [39].

Remarkably, BoNT/B, DC, and G AH loop mutants showed a strong reduction in binding
and toxicity compared to the respective BONT wild-type (Fig 1B), clearly demonstrating an
integral contribution of the H¢ loop to the binding, uptake, and putative membrane insertion
of Hy for LC translocation into the cytosol. A mechanistic explanation of how the H¢ loop
mediates the high-affinity interaction was evolved by measuring the binding thermodynamics
of the H:B interaction. Here, despite similar overall binding affinities of HcB to either isolated
Syt-II or Syt-II integrated into nanodiscs, different contributions of the binding enthalpy and
binding entropy were calculated. Although the much larger binding enthalpy for the binding
of HcB to membrane integrated Syt-II leads to additional electrostatic interactions between
positive protein surface charges and negatively charged phospholipid headgroups [56], a large
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unfavorable contribution of the binding entropy indicates strong restrictions on the rotational
and translational degrees of freedom upon binding [57]. The binding of HcB AH¢ loop mutant
to dual-receptor nanodiscs revealed the same thermodynamic reaction profile. In contrast, a
large and favorable binding entropy, which is typically associated with the burial of hydropho-
bic groups away from the solvent [58], was measured for HcB wild-type bound to dual-recep-
tor nanodiscs, which indicates an integration of the H¢ loop into the membrane bilayer.
Indeed, the BONT/B H¢ loop is solvated by up to 20 molecules of water [55] which are released
upon membrane integration of the H¢ loop. It is noteworthy that this large gain in binding
entropy is only observed for the dual-receptor nanodiscs, implying that the interaction with
the carbohydrate portion of GT1b is needed to trigger the membrane insertion of the H¢ loop
(Fig 4B). This result is in agreement with recent findings that binding to the carbohydrate por-
tion of gangliosides confers specificity, whereas binding strength is mediated by additional
interactions of the toxins with the neuronal membrane itself [59]. Hence, the sequence of the
tripartite interactions is likely to be i) specific adherence of BONT/B to a ganglioside, ii) inte-
gration of BONT/B H¢ loop into the membrane stabilizing the BONT-receptor complex and
iii) binding of BONT/B to synaptotagmin to direct its uptake into an SV to act locally in the
synapse. However, the almost identical binding affinities between HsB wild-type bound to
Syt-II nanodiscs and HcB AH¢ loop-mutant bound to dual-receptor nanodiscs imply that the
contribution of the ganglioside to the binding strength equals that of the H¢ loop membrane
insertion. Nevertheless, binding of H:B wild-type to empty nanodiscs was not reliably measur-
able by SPR, which points towards a very low intrinsic affinity of the H loop for isolated lipid
membranes, as previously observed also by Zhang et al. and Nuemket et al. [38, 39]. Despite
the ubiquitous abundance of lipid membranes in the organism, the very low intrinsic affinity
of the Hc loop prevents off-target binding which would effectively lower the neurotoxicity.

Beside BoNT/B, DC, and G employing Syt as protein receptor, also BONT/C, to which no
protein receptor has been ascribed yet, displays an exposed Hc loop [34]. This suggests that an
H¢ loop—membrane insertion can occur also by BoNT serotypes not employing Syt as protein
receptor. In contrast, in BONT/A the H¢ loop is crippled and completely absent in the related
BoNT/E and F. The absence of an analogous H¢ loop—membrane interaction of BONT/A and
E could also be compensated by the additional binding to the conserved N-glycan in SV2A-C
[18, 19, 21]. Also other mechanisms can contribute to the high-affinity interaction with the
membrane. For instance, BONT/A interactions with the lipid membrane have been allocated
to the N-terminal subdomain of the Hc-fragment [61].

Finally, our results show that direct interactions between BoNT/B, DC, and G and the
membrane already take place at neutral pH during the initial binding step. It has been shown
before that interactions with GT1b are needed for the formation of a translocation pore at low
pH [62]. The integration of the hydrophobic H¢ loop in the membrane potentially primes
BoNT/B, DC, and G for subsequent conformational changes needed to insert the translocation
domain Hy into the membrane.

The H¢ loop is always exposed and of sufficient length to constitute an epitope for a mono-
clonal antibody, thereby representing a novel target structure to neutralize BONT/B, DC, and
G in a clinical setting. MPN hemidiaphragm data clearly illustrate the loss of potency upon H¢
loop deletion, which is comparable to blockade by an antibody [63].

Interestingly, membrane interaction of a hydrophobic loop for high-affinity binding is a
common feature that is shared between BoNT/B, DC, G, and the broadly neutralizing anti-
HIV-1 antibody 4E10 [64, 65]. 4E10 binds to contiguous epitopes within the membrane proxi-
mal external region (MPER) of the envelope transmembrane glycoprotein gp41 as well as host
membrane lipids to exert its neutralizing activity.
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In conclusion, our data show how membrane interactions of BONT/B, DC, and G via a
hydrophobic H¢ loop contribute to the formation of a highly stable BONT-receptors complex,
involving a protein, gangliosides, and lipids, that is critical to confer the toxin’s exquisite toxic-

ity (Fig 5).

Materials and methods
Ethics statement

All experiments were performed in accordance with the German Tierschutzgesetz (TierSchG,
29" March 2017) and Tierschutz-Versuchstierverordnung (TierSchVersV, 1* August 2013)
and with the guidelines established by the European Community Council Directive n°® 2010/
63/EU and approved by the local authority veterinary services (Veterindramt Hannover, pro-
tocol file number §4/019).

Reagents

Recombinant MSP 1E3D1, sodium cholate hydrate, octyl B-D-glucopyranoside (OG), POPC,
anhydrous chloroform, trisialoganglioside GT'1b from bovine brain, GD1a, and rat brain
extract were obtained from Sigma Aldrich, GM1 and GD1b were obtained from Calbiochem
while GM3 was from Avanti Polar Lipids. MSP was dissolved in phosphate buffered saline
(PBS, pH 7.3) containing 4 mM OG, the concentration was quantified photospectrometrically
using a molecular extinction coefficient of €,5¢ = 29,400 M cm™! and stored at -20°C. POPC
was dissolved in chloroform while all gangliosides were dissolved in PBS and stored at -20°C.
Bio-Beads SM-2 were obtained from Bio-Rad, activated in methanol (Merck), and stored in
distilled sterile water at 4°C until used. Protease-free bovine serum albumin (BSA, fraction V),
skimmed milk powder, and reduced glutathione were obtained from Carl Roth while a
PageRuler prestained protein ladder was obtained from Thermo Fisher Scientific. Immobilon
P PVDF-membranes (0.45 um) for western blotting were from Merck Millipore while Bio-
Trace NT nitrocellulose membranes (0.2 um) for dot blots were from Pall corporation.

Antibodies

A monoclonal mouse anti 6xHis epitope tag antibody (clone His.H8) was obtained from
Thermo Fisher Scientific (Pierce) while an affinity-purified polyclonal rabbit antibody target-
ing amino acids 1 to 11 from mouse synaptotagmin 2 was obtained from Synaptic Systems. A
mouse monoclonal antibody targeting GT1b ganglioside (clone GT1b-2b) was obtained from
Merck Millipore. All primary antibodies were tested for specific detection of their respective
target by western and dot blot and showed no cross-reactivity at the used concentrations (S6
Fig). Horseradish peroxidase (HRP)-coupled goat anti-mouse IgG (H+L) or anti-rabbit IgG
(H+L)-specific antibodies were obtained from Dianova or KPL.

Plasmid construction

Plasmids encoding the Hc-fragment of BONT/B and G fused to a C-terminal Streptag (HcBS,
HcGS), full-length BoNT/B and G equipped with a C-terminal Streptag (scBoNTBSL,
scBoNTGS), as well as GST fusion proteins of rSyt-II 1-61 and rSyt-II 1-90 have been
described previously [12, 27, 54]. The plasmids pHcDCS and pH6tBoNTDCS, encoding the
Hc-fragment of BONT/DC fused to a C-terminal Streptag (HcDCS; AA 863-1285) and full-
length BONT/DC equipped with an N-terminal His6tag and a C-terminal Streptag
(H6tBoNTDCS), respectively, were generated by amplifying the corresponding ORFs using
genomic DNA of C. botulinum strain OFD05 (Gen ID AB461915; kind gift from Keiji
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Nakamura, Osaka Prefecture University, JP) as template and cloned into modified pQe3 vec-
tors cut with BamH I/Xma I. The plasmid pHBS 11248L/V1249L/F1250R contains the most
diverse H loop of the BONT/B4 subtype produced by the non-proteolytic Group II strain
Templin [44] which was isolated from a home-made sheep’s ham associated with food-borne
botulism in Germany, 2006. Sequence of the BONT/B4 (GenBank number: MG545727)
showed 99.1% identity to the prototype BONT/B4 sequence (Genbank number: ABM73987)
from strain Ecklund 17B [6] at amino acid level.

The AHc loop (deletion) mutants pH-BS AG1247-F1250, pH:BS 11248L/V1249L/F1250R,
pBoNTBSL AG1247-F1250, pHcDCS AY1251-F1253, pH6tBoNTDCS AY1251-F1253, pHcGS
AY1252-W1256, and pBoNTGS AY1252-W1256 were generated by PCR, applying the Gene-
Tailor site-directed mutagenesis system (Life Technologies, Darmstadt, Germany) and suitable
primers (Eurofins, Ebersberg, Germany). Nucleotide sequences of all newly generated con-
structs were verified by DNA sequencing (GATC Biotech, Konstanz, Germany).

Expression and purification of recombinant proteins

In general, expression and purification of active full-length BONT and mutants thereof were
conducted under biosafety level 2 containment (project number GAA A/Z 40654/3/123). The
isolation of HA33, GST-rSyt-II 1-61, GST-rSyt-1II 1-90, wild-type HcBS, single-chain (sc)
scBoNTBSL, HcGS, and scBoNTGS have been described previously [12, 27, 54, 66]. HcDCS
and H6tBoNTDCS variants were expressed analogously. After isolation via C-terminal Strep-
Tag according to the manufacturer’s instruction (StrepTactin resin; IBA GmbH, Géttingen,
Germany), HcDCS wild-type and HcDCS AY1251-F1253 were purified further by size exclu-
sion chromatography (Superdex 75, GE Healthcare, Freiburg, Germany) in PBS, pH 7.4.
H6tBoNTDCS wild-type and H6tBoNTDCS AY1251-F1253 were first isolated by IMAC
(Co"-Talon matrix; Takara Bio Europe S.A.S., Saint-Germain-en-Laye, France) and subse-
quently by affinity chromatography employing StrepTactin resin in 100 mM Tris-HCI, pH 8.0.
GST fusion proteins eluted by glutathione were dialyzed against PBS, pH 7.4, two times with
and two times without B-mercaptoethanol. Desired protein fractions were pooled, frozen in
liquid nitrogen, and kept at —70°C. For CD analysis, desired volume of H¢ proteins was dia-
lyzed against 100 mM Tris-HCI, pH 8.0, 150 mM NaCl. Protein concentrations were deter-
mined subsequent to SDS-PAGE and Coomassie blue staining by using an LAS-3000 imaging
system (Fuji Photo Film), the AIDA 3.51 software (Raytest, Straubenhardt, Germany), and
BSA (100-1600 ng) as reference protein.

Mouse phrenic nerve hemidiaphragm assay

The MPN assay was performed as described previously [13, 19]. Mice of strain RjHan:NMRI
(18-25 g, Janvier, St Berthevin Cedex, France) were sacrificed by trained personnel before dis-
section of organs. First, mice were euthanized by CO, anesthesia and subsequently exsangui-
nated via an incision of the ventral aspect of the throat. Then the chest of the cadaver was
opened. To limit the consumption of mice, the left and right phrenic nerve hemidiaphragms
were excised from female mice and placed in an organ bath containing 4 ml of Earle’s Balanced
Salt Solution. The pH was adjusted to 7.4 and oxygen saturation was achieved by gassing with
95% O, and 5% CO,. The phrenic nerve was continuously electro-stimulated at a frequency of
1 Hz with a pulse duration of 0.1 ms and a current of 25 mA to achieve maximal contraction
amplitudes. Isometric contractions were recorded with a force transducer (Scaime, Anne-
masse, France) and the software VitroDat (Fohr Medical Instruments GmbH (FMI), Seeheim,
Germany). The resting tension of the hemidiaphragm was approximately 10 mN. In each
experiment, the preparation was first allowed to equilibrate for 15 min under control
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conditions. Then, the buffer was exchanged to 4 ml of Earle’s Balanced Salt Solution supple-
mented with 0.1% BSA and varying dilutions of wild-type BoNT/B, BoNT/DC, and BoNT/G.
The times required to decrease the amplitude by 50% (paralysis time t% < 180 min) for three
or four BoNT concentrations (each n > 3) were used to construct the calibration curves for
scBoNT wild-type to which logarithmic or power functions were fitted (y (scBoNTBSL; 650/
2000/6500 pM) = -19.84In(x) + 227.3, R* = 0.9999; y (scH6tBoNTDCS; 100/300/1000 pM) =
-13.49In(x) + 146.28, R* = 0.9978; (y (BoNT/G; 0.6, 2.0, 6.0 and 20 nM) = 97.123x **"; R* =
0.9967). These functions were used to convert the mean paralysis times t,, determined for 200
nM scBoNTBSL AG1247-F1250 (n = 4), 30 nM H6tBoNTDCS AY1251-F1253 (n = 4), and 60
nM BoNTGS AY1252-W1256 (n = 2) into the corresponding scBoNT wild-type concentra-
tions and to express them as relative biological activity.

Circular dichroism analysis

Circular dichroism (CD) data was collected with a Jasco J-810 spectropolarimeter in a 1-mm
path length cuvette with a concentration of 10 uM HcBS or 3 uM HcGS/HDCS degassed.
Spectra were recorded at 22°C from 195 to 250 nm with 100 nm/min, response of 1 s, standard
sensitivity, bandwidth of 1 nm, and five accumulations. Spectra were analyzed, processed, and
visualized using Spectra Manager II software (JASCO International Co. Ltd., Tokyo, Japan).
Subsequent temperature-induced denaturation was performed by monitoring the CD signal at
210 nm from 25°C to 70°C with a stepwise temperature increase of 2.5°C every 6 min.

GST pull-down assays

The GST pull-down assays were similarly performed as previously described [13] with the
addition of 125 pg of ganglioside mixture (Matreya, State College, PA, USA) in selected experi-
ments as indicated. Briefly, GST and GST fusion proteins (150 pmol each) were immobilized
to 10 uL of glutathione-sepharose-4B matrix (Qiagen, Hilden, Germany) and subsequently
incubated for 2 h at 4 °C with 100 pmol Hc fragment in a total volume of 200 pL in binding
buffer as stated in the respective figure legends. Beads were collected by centrifugation and
washed two times each with the corresponding binding buffer. Washed pellet fractions were
incubated at 37°C for 20 min in SDS sample buffer and analyzed by 12.5% SDS-PAGE. Protein
bands were detected by Coomassie blue staining and subsequently quantified by densitometry
using the software TINA (version 2.09f, Raytest, Straubenhardt, Germany). Unspecific binding
of ligand to immobilized GST matrix was subtracted from the specific binding signal of Hc.

Assembly of phospholipid-bilayer nanodiscs

Nanodisc assembly was performed as described before with the following modifications [67].
Recombinant GST-rSyt-II 1-90 in PBS containing 0.5% Triton X-100 was spin-concentrated
at 4000 x g for 20 min through Amicon Ultra-4 centrifugal filter units (Merck Millipore) to a
concentration of approximately 3 to 4 mg/mL. A 100 mM POPC stock solution was prepared
by drying lipids dissolved in chloroform in 6 mL borosilicate glass tubes (Fisher Scientific)
under a stream of nitrogen and subsequently under vacuum for 4 hours before solving the
dried lipids in a 400 mM sodium cholate solution in PBS by vortexing rigorously and ultra-
sonic treatment until a clear solution was obtained. Assembly mixtures of a total volume of
170 uL were prepared in glass tubes by adding 100 mM POPC, GT1b (10 pg/mL in PBS), con-
centrated GST-rSyt-II 1-90, and PBS to 100 pL of MSP 1E3D1. Depending on the concentra-
tion of the MSP stock solution used and the kind of assembled nanodiscs, the volume of the
reagents was adjusted to fulfill the following criteria: for empty nanodiscs, 130 POPC mole-
cules were added per two molecules MSP (130 lipids per nanodisc); for GT1b or dual-receptor
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nanodiscs the lipid content was reduced to 120 POPC molecules, while 10 molecules of GT1b
were added per nanodiscs. Either 50 pL or 30.3 pL of concentrated GST-rSyt-II 1-90 was
added for assembly into Syt-II nanodiscs or dual-receptor nanodiscs, respectively. The total
volume was brought up to 170 pL by addition of PBS (pH 7.3) so that the final cholate concen-
tration was between 26 to 28 mM at lipid concentrations between 6.5 and 7.0 mM. After incu-
bating the mixtures for 30 min at room temperature, the self-assembly process was initiated
by transferring the mixtures to 170 pg of Bio-Beads that have been washed with PBS and
degassed. After 2 hours of incubation on a shaker at 4°C the mixtures were transferred to a sec-
ond batch of Bio-Beads to remove effectively the high concentrations of Triton X-100 con-
tained within the concentrated GST-rSyt-II stock solutions and incubated over-night at 4°C
on a vertical shaker at 150 rpm. The next day, the assembled nanodiscs were transferred to a
new glass tube and further purified and characterized by size exclusion chromatography
(SEC). To this aim, the nanodiscs were fractioned using an AKTA Explorer 100 and a Super-
dex 200 Increase GL column (both GE Healthcare) at a flow rate of 0.75 mL/min in PBS.
Beginning after 0.3 column volumes, 0.5-mL fractions were collected and further analyzed by
indirect ELISA for the presence of receptor molecules integrated in nanodiscs.

Characterization of phospholipid-bilayer nanodiscs by indirect ELISA

To identify SEC fractions containing both nanodiscs and receptor molecules, fractions were
analyzed by indirect ELISA. To this aim, fractions were diluted 1:100 in PBS and 50 pL of this
dilution were coated over-night to Nunc MaxiSorp microtiter plates (Thermo Fisher Scien-
tific). The next day, the plates were washed with 4 x 300 pL of washing buffer (PBS containing
0.1% Tween 20) before being blocked for 2 hours at room temperature by adding 200 uL/well
of a 3% (w/v) BSA solution in PBS. After washing, 50 uL of mouse anti-His (1:10,000), rabbit
anti-synaptotagmin 2 (1:2500), or mouse anti-GT1b (1:2500) antibodies diluted in PBS con-
taining 0.1% BSA were added for 1 hour at room temperature before bound antibodies were
detected by incubation with 50 pL/well of HRP-coupled goat anti-mouse or rabbit IgG anti-
bodies (used at 1:5000 or 1:3000 dilutions, respectively) after a further washing step. Signal
development was initiated by adding 100 pL per well of Seramun Slow Blau TMB-substrate
(Diavita) for 10 min before development was stopped by adding 0.25 M H,SO,. Finally, signals
were read at 450 nm referenced to 620 nm using an Infinite 200 ELISA reader (Tecan). Frac-
tions of the expected size for assembled nanodiscs were pooled and either used directly for
kinetics measurements by SPR (empty nanodiscs, GT1b nanodiscs) or further purified using
GST pull down (GST-rSyt-II and dual-receptor nanodiscs). Purified nanodiscs were stored at
4°C until used.

Purification of receptor-containing nanodiscs by GST pull down

To separate nanodiscs containing recombinant GST-rSyt-II from nanodiscs without receptor
proteins, we made use of the GST-tag contained on the Syt-II proteins for batch purification
by GST pull down. To this aim, 334 uL of Protino glutathione agarose were added to glass
tubes and washed once with 5 mL of PBS. After centrifugation for 5 min at 500 x g the super-
natant was discarded and 1.75 mL of pooled nanodisc-containing fractions were added per
tube. After a 1-hour incubation at room temperature under constant shaking (600 rpm) the
glutathione agarose was pelleted by centrifugation and washed once with 5 mL of PBS. Bound
nanodiscs were eluted by incubation with elution buffer (10 mM reduced glutathione in 50
mM Tris-HCI, pH 8.0) for 10 min at room temperature under shaking. Fractions before the
purification (input), supernatant after binding (SN), and eluted nanodiscs (eluate) were
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collected and analyzed for the presence of nanodiscs and receptor molecules by SDS-PAGE,
Coomassie staining, western and dot blot, and electron microscopy as described below.

SDS-PAGE, Coomassie staining, and western and dot blot analysis of
nanodiscs

For SDS-PAGE, fractions were mixed with 3 x Laemmli loading buffer containing dithiothrei-
tol, heated for 5 min at 95°C, and cooled on ice before 10 uL were loaded on 12% polyacryl-
amide gels and separated according to standard procedures [68]. Gels were either stained
using colloidal Coomassie staining [69] or electrophoretically transferred to methanol-acti-
vated PVDF membranes for subsequent western blotting [70]. To this aim, membranes were
blocked for 1 hour at room temperature with 2% (w/v) skimmed milk powder in ELISA wash-
ing buffer before addition of either mouse anti-His (1:10,000) or rabbit anti-synaptotagmin 2
(1:5,000) antibodies. Detection was done by HRP-labelled goat anti-mouse IgG or anti-rabbit
IgG (both 1:10,000) antibodies for 1 h at room temperature. All antibodies were diluted in
blocking buffer and the membranes were washed between incubation steps for 3 x 5 min with
washing buffer. Detection was done with SuperSignal West Dura Extended Duration Substrate
(Thermo Fisher Scientific) on a ChemiDoc imaging system (Bio-Rad). Dot blots were per-
formed accordingly except that 10 pL fractions of GT'1b (100 ug/mL) were dropped on a nitro-
cellulose membrane and air-dried before proceeding with blocking and incubation with an
anti-GT1b antibody (1:2,500) and HRP-labeled goat anti-mouse IgG antibodies (1:10,000).

Electron microscopy

Suspensions of nanodiscs were prepared for negative staining electron microscopy using glow-
discharged grids (400-mesh copper grid covered with carbon re-inforced plastic film). Urany-
lacetate (0.5%) was used as negative stain. Examination of samples was performed with the
Tecnai 12 BioTwin (FEL Thermo Fisher Scientific) transmission electron microscope operated
at 120 kV, and images were recorded with an Eagle CCD camera (4096 x 4096 pixels, 16 bit;
FEI, Thermo Fisher Scientific).

Surface plasmon resonance (SPR) measurements

All SPR measurements were performed on a Biacore X100 or a T200 apparatus (GE Health-
care) using sensor chips CM5 and HBS-EP+ (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.05% Tween 20) of HBS-N (10 mM HEPES, pH 7.4, 150 mM NaCl; nanodisc mea-
surements) as running buffers at 25°C unless otherwise noted.

Kinetic measurements of Hc binding to isolated protein receptor

Binding kinetics and affinity of recombinant receptor-binding domains of BoONT/B, DC, and
G to GST-rSyt-II 1-61 were determined on a Biacore X100 as described previously [60].
Briefly, recombinant GST or GST-tagged rSyt-1I were captured on flow cells 1 or 2 to immobi-
lization densities of 100 resonance units (RUs) or 220 RUs, respectively, using a GST Capture
Kit modified sensor chip (GE Healthcare) before 1:3 dilution series of recombinant receptor-
binding domains (~50 kDa) were injected for 120 s at a flow rate of 30 pL/min, ranging from
1200 nM to 14.8 nM with duplicate injections at the highest concentration. The binding disso-
ciation was monitored for 300 s before the sensor surface was regenerated using 10 mM gly-
cine pH 2.1 for 120 s at a flow rate of 10 uL/min. All measurements were performed in
duplicate.
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Thermodynamic analysis of BONT/B receptor binding

To determine the thermodynamics of the interaction between HcB and GST-rSyt-1I 1-61,
both GST and GST-rSyt-II were immobilized covalently to a sensor chip CM5 each by dilution
in 10 mM acetate buffer pH 4.5 (GE Healthcare) to 350 RUs (GST-rSyt-1II) on flow cell 1 and
104 RUs (GST) on flow cell 2, using standard amine coupling chemistry (Amin coupling Kit;
GE Healthcare) on a Biacore X100. Two-fold dilution series of HcB ranging from 800 nM to
6.25 nM with duplicate injections of the highest concentration were injected for 60 s before
binding dissociation was monitored for 120 or 300 s. Regeneration was done by a 30 s injection
of 10 mM glycine pH 1.7 at a flow rate of 10 pL/min. All measurements were replicated four
times at 10°C, 15°C, 25°C, and 35°C.

Kinetic and thermodynamic measurements of binding to nanodisc-
incorporated receptor molecules

Nanodiscs containing no (empty nanodiscs), GT1b only, Syt-II only, or both receptor mole-
cules (dual-receptor nanodiscs) were immobilized to a series S sensor chip CM5 (GE Health-
care) via the His-tag incorporated on the MSP. To this aim, the sensor surface was modified
using the His Capture Kit (GE Healthcare) according to manufacturer’s recommendations.
Empty nanodiscs diluted 1:20 in HBS-N buffer were immobilized to the control flow cells 1 or
3 for 120 s at 10 pL/min, leading to immobilization levels of 281 +38 RUs. GT1b-containing
nanodiscs (1:20), Syt-II-containing or dual-receptor nanodiscs (both 1:5) were immobilized
accordingly to flow cells 2 or 4, leading to immobilization levels of 311 +19, 409 +30, and 275
125 RUs, respectively. After each capture step, the sensor chip was allowed to stabilize for 60 s
before Hc fragments were injected at 66.6 nM, 200 nM, and 600 nM in a kinetic titration series
(single cycle kinetics [71]) at a flow rate of 30 uL/min for 120 s followed by a 600-s injection of
running buffer to monitor binding dissociation. The sensor surface was regenerated by injec-
tion of 10 mM glycine pH 1.5 for 60 s at a flow rate of 30 uL/min. For thermodynamic mea-
surements, binding of HcB and HcB AG1247-F1250 to dual-receptor nanodiscs as well as H-B
wild-type to Syt-II-only nanodiscs was repeated at 11°C, 15°C, 25°C, and 37°C. All measure-
ments were performed in duplicate.

Data analysis and curve fitting

All binding curves were double referenced as described [72]. Additionally, directly before each
measurement, binding of recombinant receptor-binding domains to either GST or empty
nanodiscs on both the control and measurement flow cell was determined. Double-referenced
binding curves from these measurements, which arose due to partially ineffective regeneration
of the sensor surface especially during later injection cycles, were additionally subtracted to
prevent artefacts. Unless otherwise stated, all binding curves were fit to 1:1 Langmuir interac-
tion models using the BIAevaluation software (4.1.1). Thermodynamic binding parameters
AG’, AH’, and—TAS" were derived from the temperature dependence of the binding affinity
Kp by using van’t Hoft plots (S5 Fig). To this aim, In (Kp) was plotted over 1/T (Kelvin) and
fitted using linear regression to determine the slope and Y-intercept using Prism 5.04 (Graph-
Pad) from which AH" (= slope x gas constant R) and AS® (= Y-intercept x—gas constant R)
were calculated. AG* at 25°C was calculated from AH"-TAS".

Supporting information

S1 Fig. A Alignment of BONT/B subtypes 1-8, BONT/DC, and BoNT/G amino acid sequences
covering the region of the hydrophobic HC loop (marked by boxes based on superimposition
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of crystal structures). Multiple sequence alignments were performed using Geneious 10.0.5
(global alignment with free end gaps employing the Blosum62 cost matrix) and the NCBI-
Protein IDs denominated and visualized using the ENDscript server 3.0.1. Triangles in blue
(BoNT/B), magenta (BoNT/G), or orange (BoNT/DC) mark amino acids at the tip of the
Hc loop deleted in the Aloop mutants. B Crystal structures of HeB, HcDC, and HcG. The
structures of H¢cB (dark blue ribbon; 2NM1.pdb), HcDC (purple; 4IRS.pdb) and HcG
(beige; 2VWR.pdb) were superimposed. Syt-1I peptide bound to HcDC is displayed as red
o-helix and the key residue W1262 of the conserved GBS in H¢B as orange sticks. The Hc
loop comprises E1245-E1252 in H¢B (light blue ribbon), F1245-H1255 in HcDC (grey rib-
bon), and K1250-D1257 in HcG (green ribbon, residues 1253-55 invisible due to flexible
loop). Residues at the tip of the Hc loop deleted in HcB AG1247-F1250 and HcDC
AY1251-F1253 are highlighted in light blue and purple sticks, respectively. C SDS-PAGE
analysis of full-length BoNT/B, DC, and G wild-type and respective AH¢ loop mutants as
well as the corresponding H fragments. D Thermal denaturation CD analysis of wild-type
and AH¢ loop H¢ fragments. All spectra revealed proteins rich in B-sheets which is in accor-
dance with their known crystal structures (S1 Fig). Determination of the thermal stability of
HcB and HcG wild-type yielded T, values of 44.0°C and 46°C, respectively, confirming
previous measurements [12]. Remarkably, HcDC wild-type displayed a 12°C higher T,
value than HcB wild-type. The T, values of HcB AG1247-F1250, HB 11248L/V1249L/
F1250R, HcDC AY1251-F1253, and HcG AY1252-W1256 ranged by 1.5-3.0°C higher than
their respective wild-type proteins. These minor increases clearly demonstrated that the sec-
ondary structures of the Hc AH¢ loop mutants were not significantly altered due to the loop
deletions.

(TIF)

S2 Fig. Representative SDS-PAGE of GST pull down of wild-type and AH¢ loop-mutants
of HcB, HcDC, and HcG by GST-synaptotagmin-II with or without gangliosides in Triton
X-100 micelles. Binding of 100 pmol of the wild-type or AH loop Hc fragments to 150 pmol
GST, GST-rSyt-1I 1-61, GST-rSyt-II 1-90 in 20 mM Tris pH 8, 80 mM NaCl, 0.5% Triton X-
100 in the presence of 125 ug of ganglioside mix embedded in Triton X-100 micelles immobi-
lized to glutathione-sepharose 4B matrix and subsequent SDS-PAGE analysis.

(TIF)

S3 Fig. Additional purification of GST-rSyt-II containing nanodiscs via GST-pull down.
Batch purification via the GST-tag using glutathione-agarose was used to separate receptor-
bearing nanodiscs from empty nanodiscs. A. Colloidal Coomassie-stained gels for pooled
nanodiscs containing fractions after SEC (input), supernatant (SN) of GST-pull-down mate-
rial, and eluate from glutathione-agarose beads containing purified nanodiscs. B Western blot
results using an anti-His antibody to detect MSP or an anti-Syt-II antibody to detect Syt-II. C
Dot blot using an anti-GT1b antibody to check for GT1b in different fraction of GST-pull-
down purification. Both empty and GT1b-containing nanodiscs were also tested in addition to
GT1b not embedded in nanodiscs (GT1b ctrl).

(TTF)

$4 Fig. Correlation between binding affinity determined by the indicated receptor mole-
cules incorporated in Triton X-100 micelles by pull-down assay (given as Mol% binding)
and incorporated in nanodiscs by SPR (given as Affinity in M). Highly significant

(p < 0.0001) and close (Spearman r = -0.91) correlation between binding affinities determined
by SPR and the mol% binding determined in the pull-down assays was observed for the inter-
actions of both wild-type (closed symbols) and AH¢ loop-mutant (open symbols) H-B
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(triangles), HcDC (squares), and HcG (circles). The mutant H-B 11248L/V1249L/F1250R
comprising a B4-like Hc loop is shown with black borders.
(TIF)

S5 Fig. Van’t Hoff plots for deduction of thermodynamic binding parameters. The natural
logarithm (In) of the binding affinities K, was plotted over 1 divided by the measurement tem-
perature for binding of HcB to isolated Syt-II (A), Syt-II incorporated into nanodiscs (B), and
HcB AG1247-F1250 and HB binding to dual-receptor nanodisc (C and D, respectively).
Numbers indicate values from repeated measurements.

(TIF)

S6 Fig. Binding specificity of the antibodies used in this study. Either 5 uL of rat brain
extract or 562.5 ng of the indicated proteins were loaded on 12% PAA gels which were subse-
quently stained by colloidal Coomassie (A) or transferred to PVDF-membranes and probed
with a mouse anti-His (1:10,000; B) or a rabbit anti-synaptotagmin 2 (1:5,000; C) antibody. D.
To analyze the specificity of the mouse anti-GT1b antibody, 10 pL of the indicated proteins
(diluted to 50 pg/mL in PBS) or gangliosides (100 pg/mL in PBS) were dripped on a nitrocellu-
lose membrane, air-dried, and incubated with a 1:2,500 dilution of the antibody. All antibodies
were highly specific for their respective target without any cross-reactivity against the other
proteins or gangliosides tested.

(TIF)

S1 Table. Binding kinetics and affinity data used to deduct thermodynamic binding
parameters. Different values for same conditions indicate repeated measurements.
(DOCX)

Acknowledgments

We thank Keiji Nakamura (Osaka Prefecture University, JP) for genomic DNA of C. botuli-
num strain OFDO05 and Nadja Krez as well as Sabrina Sander for excellent technical assistance.
We are thankful to Ursula Erikli for proofreading of the manuscript.

Author Contributions

Conceptualization: Daniel Stern, Jasmin Weisemann, Martin Bernhard Dorner, Brigitte Ger-
trud Dorner, Andreas Rummel.

Data curation: Daniel Stern, Jasmin Weisemann, Stefan Mahrhold, Martin Bernhard Dorner,
Andreas Rummel.

Formal analysis: Daniel Stern, Jasmin Weisemann, Andreas Rummel.
Funding acquisition: Brigitte Gertrud Dorner, Andreas Rummel.

Investigation: Daniel Stern, Jasmin Weisemann, Laura von Berg, Stefan Mahrhold, Janett
Piesker, Michael Laue, Martin Bernhard Dorner, Andreas Rummel.

Methodology: Alexander Le Blanc, Peter B. Luppa.

Project administration: Brigitte Gertrud Dorner, Andreas Rummel.

Resources: Michael Laue, Peter B. Luppa.

Supervision: Martin Bernhard Dorner, Brigitte Gertrud Dorner, Andreas Rummel.

Visualization: Andreas Rummel.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007048 May 2, 2018 21/25


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007048.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007048.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007048.s007
https://doi.org/10.1371/journal.ppat.1007048

@’PLOS | PATHOGENS

Lipid-binding loop of BoNT/B, DC and G

Writing - original draft: Daniel Stern, Andreas Rummel.

Writing - review & editing: Daniel Stern, Jasmin Weisemann, Stefan Mahrhold, Martin Bern-

hard Dorner, Brigitte Gertrud Dorner, Andreas Rummel.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Rossetto O, Pirazzini M, Montecucco C. Botulinum neurotoxins: genetic, structural and mechanistic
insights. Nat Rev Microbiol. 2014; 12(8):535—49. https://doi.org/10.1038/nrmicro3295 PMID:
24975322.

Gill DM. Bacterial toxins: a table of lethal amounts. Microbiol Rev. 1982; 46(1):86—94. PMID: 6806598.

Arnon SS, Schechter R, Inglesby TV, Henderson DA, Bartlett JG, Ascher MS, et al. Botulinum toxin as
a biological weapon—Medical and public health management. Jama-J Am Med Assoc. 2001; 285
(8):1059-70. https://doi.org/10.1001/jama.285.8.1059

Bigalke H. Botulinum toxin: application, safety, and limitations. Curr Top Microbiol Immunol. 2013;
364:307—-17. https://doi.org/10.1007/978-3-642-33570-9_14 PMID: 23239359.

Rummel A. The long journey of botulinum neurotoxins into the synapse. Toxicon. 2015; 107(Pt A):9-24.
https://doi.org/10.1016/j.toxicon.2015.09.009 PMID: 26363288.

Peck MW, Smith TJ, Anniballi F, Austin JW, Bano L, Bradshaw M, et al. Historical perspectives and
guidelines for botulinum neurotoxin subtype nomenclature. Toxins (Basel). 2017; 9(1): https://doi.org/
10.3390/toxins9010038 PMID: 28106761.

Zhang S, Masuyer G, Zhang J, Shen Y, Lundin D, Henriksson L, et al. Identification and characterization
of a novel botulinum neurotoxin. Nat Commun. 2017; 8:14130. https://doi.org/10.1038/ncomms 14130
PMID: 28770820.

Brunt J, Carter AT, Stringer SC, Peck MW. Identification of a novel botulinum neurotoxin gene cluster in
Enterococcus. FEBS Lett. 2018; 592(3):310-7. https://doi.org/10.1002/1873-3468.12969 PMID:
29323697.

Zhang S, Lebreton F, Mansfield MJ, Miyashita Sl, Zhang J, Schwartzman JA, et al. Identification of a
botulinum neurotoxin-like toxin in a commensal strain of Enterococcus faecium. Cell Host Microbe.
2018; 23(2):169-76. https://doi.org/10.1016/j.chom.2017.12.018 PMID: 29396040.

Montecucco C. How do tetanus and botulinum toxins bind to neuronal membranes. Trends Biochem
Sci. 1986; 11(8):314—7. hitps://doi.org/10.1016/0968-0004(86)90282-3

Berntsson RP, Peng L, Dong M, Stenmark P. Structure of dual receptor binding to botulinum neurotoxin
B. Nat Commun. 2013; 4:2058. https://doi.org/10.1038/ncomms3058 PMID: 23807078.

Rummel A, Eichner T, Weil T, Karnath T, Gutcaits A, Mahrhold S, et al. Identification of the protein
receptor binding site of botulinum neurotoxins B and G proves the double-receptor concept. Proc Natl
Acad Sci U S A. 2007; 104(1):359-64. https://doi.org/10.1073/pnas.0609713104 PMID: 17185412.

Strotmeier J, Mahrhold S, Krez N, Janzen C, Lou J, Marks JD, et al. Identification of the synaptic vesicle
glycoprotein 2 receptor binding site in botulinum neurotoxin A. FEBS Lett. 2014; 588(7):1087-93.
https://doi.org/10.1016/j.febslet.2014.02.034 PMID: 24583011.

Rummel A. Two feet on the membrane: Uptake of clostridial neurotoxins. Curr Top Microbiol Immunol.
2016. https://doi.org/10.1007/82_2016_48 PMID: 27921176.

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. 2006; 580(8):2011-4. https://doi.org/
10.1016/j.febslet.2006.02.074 PMID: 16545378.

Dong M, Yeh F, Tepp WH, Dean C, Johnson EA, Janz R, et al. SV2 is the protein receptor for botulinum
neurotoxin A. Science. 2006; 312(5773):592—6. https://doi.org/10.1126/science.1123654 PMID:
16543415.

Mahrhold S, Strotmeier J, Garcia-Rodriguez C, Lou J, Marks JD, Rummel A, et al. Identification of the
SV2 protein receptor-binding site of botulinum neurotoxin type E. Biochem J. 2013; 453(1):37—47.
https://doi.org/10.1042/BJ20130391 PMID: 23621114,

Mahrhold S, Bergstrom T, Stern D, Dorner BG, Astot C, Rummel A. Only the complex N559-glycan in
the synaptic vesicle glycoprotein 2C mediates high affinity binding to botulinum neurotoxin serotype A1.
Biochem J. 2016; 473(17):2645-54. https://doi.org/10.1042/BCJ20160439 PMID: 27313224.

Yao G, Zhang S, Mahrhold S, Lam KH, Stern D, Bagramyan K, et al. N-linked glycosylation of SV2 is
required for binding and uptake of botulinum neurotoxin A. Nat Struct Mol Biol. 2016; 23(7):656—62.
https://doi.org/10.1038/nsmb.3245 PMID: 27294781.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007048 May 2, 2018 22/25


https://doi.org/10.1038/nrmicro3295
http://www.ncbi.nlm.nih.gov/pubmed/24975322
http://www.ncbi.nlm.nih.gov/pubmed/6806598
https://doi.org/10.1001/jama.285.8.1059
https://doi.org/10.1007/978-3-642-33570-9_14
http://www.ncbi.nlm.nih.gov/pubmed/23239359
https://doi.org/10.1016/j.toxicon.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26363288
https://doi.org/10.3390/toxins9010038
https://doi.org/10.3390/toxins9010038
http://www.ncbi.nlm.nih.gov/pubmed/28106761
https://doi.org/10.1038/ncomms14130
http://www.ncbi.nlm.nih.gov/pubmed/28770820
https://doi.org/10.1002/1873-3468.12969
http://www.ncbi.nlm.nih.gov/pubmed/29323697
https://doi.org/10.1016/j.chom.2017.12.018
http://www.ncbi.nlm.nih.gov/pubmed/29396040
https://doi.org/10.1016/0968-0004(86)90282-3
https://doi.org/10.1038/ncomms3058
http://www.ncbi.nlm.nih.gov/pubmed/23807078
https://doi.org/10.1073/pnas.0609713104
http://www.ncbi.nlm.nih.gov/pubmed/17185412
https://doi.org/10.1016/j.febslet.2014.02.034
http://www.ncbi.nlm.nih.gov/pubmed/24583011
https://doi.org/10.1007/82_2016_48
http://www.ncbi.nlm.nih.gov/pubmed/27921176
https://doi.org/10.1016/j.febslet.2006.02.074
https://doi.org/10.1016/j.febslet.2006.02.074
http://www.ncbi.nlm.nih.gov/pubmed/16545378
https://doi.org/10.1126/science.1123654
http://www.ncbi.nlm.nih.gov/pubmed/16543415
https://doi.org/10.1042/BJ20130391
http://www.ncbi.nlm.nih.gov/pubmed/23621114
https://doi.org/10.1042/BCJ20160439
http://www.ncbi.nlm.nih.gov/pubmed/27313224
https://doi.org/10.1038/nsmb.3245
http://www.ncbi.nlm.nih.gov/pubmed/27294781
https://doi.org/10.1371/journal.ppat.1007048

@’PLOS | PATHOGENS

Lipid-binding loop of BoNT/B, DC and G

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Benoit RM, Frey D, Hilbert M, Kevenaar JT, Wieser MM, Stirnimann CU, et al. Structural basis for recog-
nition of synaptic vesicle protein 2C by botulinum neurotoxin A. Nature. 2014; 505(7481):108—11.
https://doi.org/10.1038/nature 12732 PMID: 24240280.

Dong M, Liu H, Tepp WH, Johnson EA, Janz R, Chapman ER. Glycosylated SV2A and SV2B mediate
the entry of botulinum neurotoxin E into neurons. Molecular biology of the cell. 2008; 19(12):5226-37.
https://doi.org/10.1091/mbc.E08-07-0765 PMID: 18815274.

Berntsson RP, Peng L, Svensson LM, Dong M, Stenmark P. Crystal structures of botulinum neurotoxin
DC in complex with its protein receptors synaptotagmin | and Il. Structure. 2013; 21(9):1602—11. https://
doi.org/10.1016/j.str.2013.06.026 PMID: 23932591.

Chai Q, Arndt JW, Dong M, Tepp WH, Johnson EA, Chapman ER, et al. Structural basis of cell surface
receptor recognition by botulinum neurotoxin B. Nature. 2006; 444(7122):1096—100. https://doi.org/10.
1038/nature05411 PMID: 17167418.

Jin R, Rummel A, Binz T, Brunger AT. Botulinum neurotoxin B recognizes its protein receptor with high
affinity and specificity. Nature. 2006; 444(7122):1092-5. https://doi.org/10.1038/nature05387 PMID:
17167421.

Nishiki T, Kamata Y, Nemoto Y, Omori A, Ito T, Takahashi M, et al. Identification of protein receptor for
Clostridium botulinum type B neurotoxin in rat brain synaptosomes. J Biol Chem. 1994; 269(14):10498—
503. PMID: 8144634.

Peng L, Berntsson RP, Tepp WH, Pitkin RM, Johnson EA, Stenmark P, et al. Botulinum neurotoxin D-C
uses synaptotagmin | and Il as receptors, and human synaptotagmin Il is not an effective receptor for
type B, D-C and G toxins. J Cell Sci. 2012; 125(Pt 13):3233—42. https://doi.org/10.1242/jcs. 103564
PMID: 22454523.

Rummel A, Karnath T, Henke T, Bigalke H, Binz T. Synaptotagmins | and Il act as nerve cell receptors
for botulinum neurotoxin G. J Biol Chem. 2004; 279(29):30865-70. https://doi.org/10.1074/jbc.
M403945200 PMID: 15123599.

Willjes G, Mahrhold S, Strotmeier J, Eichner T, Rummel A, Binz T. Botulinum neurotoxin G binds synap-
totagmin-Il in a mode similar to that of serotype B: tyrosine 1186 and lysine 1191 cause its lower affinity.
Biochemistry. 2013; 52(22):3930-8. https://doi.org/10.1021/bi4003502 PMID: 23647335.

Peng L, Tepp WH, Johnson EA, Dong M. Botulinum neurotoxin D uses synaptic vesicle protein SV2
and gangliosides as receptors. PLoS Pathog. 2011; 7(3):e1002008. https://doi.org/10.1371/journal.
ppat.1002008 PMID: 21483489.

Rummel A, Hafner K, Mahrhold S, Darashchonak N, Holt M, Jahn R, et al. Botulinum neurotoxins C, E
and F bind gangliosides via a conserved binding site prior to stimulation-dependent uptake with botuli-
num neurotoxin F utilising the three isoforms of SV2 as second receptor. J Neurochem. 2009; 110
(6):1942-54. https://doi.org/10.1111/.1471-4159.2009.06298.x PMID: 19650874.

Fu Z, Chen C, Barbieri JT, Kim JJ, Baldwin MR. Glycosylated SV2 and gangliosides as dual receptors
for botulinum neurotoxin serotype F. Biochemistry. 2009; 48(24):5631—41. https://doi.org/10.1021/
bi9002138 PMID: 19476346.

Tsukamoto K, Kohda T, Mukamoto M, Takeuchi K, Ihara H, Saito M, et al. Binding of Clostridium botuli-
num type C and D neurotoxins to ganglioside and phospholipid. Novel insights into the receptor for clos-
tridial neurotoxins. J Biol Chem. 2005; 280(42):35164—71. https://doi.org/10.1074/jbc.M507596200
PMID: 16115873.

Baldwin MR, Barbieri JT. Association of botulinum neurotoxin serotypes A and B with synaptic vesicle
protein complexes. Biochemistry. 2007; 46(11):3200—10. https://doi.org/10.1021/bi602396x PMID:
17311420.

Strotmeier J, Gu S, Jutzi S, Mahrhold S, Zhou J, Pich A, et al. The biological activity of botulinum neuro-
toxin type C is dependent upon novel types of ganglioside binding sites. Mol Microbiol. 2011; 81
(1):143-56. https://doi.org/10.1111/j.1365-2958.2011.07682.x PMID: 21542861.

Karalewitz AP, Kroken AR, Fu Z, Baldwin MR, Kim JJ, Barbieri JT. Identification of a unique ganglioside
binding loop within botulinum neurotoxins C and D-SA. Biochemistry. 2010; 49(37):8117-26. https://
doi.org/10.1021/bi100865f PMID: 20731382.

Karalewitz AP, Fu Z, Baldwin MR, Kim JJ, Barbieri JT. Botulinum neurotoxin serotype C associates with
dual ganglioside receptors to facilitate cell entry. J Biol Chem. 2012; 287(48):40806—16. https://doi.org/
10.1074/jbc.M112.404244 PMID: 23027864.

Kroken AR, Karalewitz AP, Fu Z, Baldwin MR, Kim JJ, Barbieri JT. Unique ganglioside binding by botuli-
num neurotoxins C and D-SA. FEBS J. 2011; 278(23):4486-96. https://doi.org/10.1111/j.1742-4658.
2011.08166.x PMID: 21554541.

Nuemket N, Tanaka Y, Tsukamoto K, Tsuji T, Nakamura K, Kozaki S, et al. Structural and mutational
analyses of the receptor binding domain of botulinum D/C mosaic neurotoxin: insight into the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007048 May 2, 2018 23/25


https://doi.org/10.1038/nature12732
http://www.ncbi.nlm.nih.gov/pubmed/24240280
https://doi.org/10.1091/mbc.E08-07-0765
http://www.ncbi.nlm.nih.gov/pubmed/18815274
https://doi.org/10.1016/j.str.2013.06.026
https://doi.org/10.1016/j.str.2013.06.026
http://www.ncbi.nlm.nih.gov/pubmed/23932591
https://doi.org/10.1038/nature05411
https://doi.org/10.1038/nature05411
http://www.ncbi.nlm.nih.gov/pubmed/17167418
https://doi.org/10.1038/nature05387
http://www.ncbi.nlm.nih.gov/pubmed/17167421
http://www.ncbi.nlm.nih.gov/pubmed/8144634
https://doi.org/10.1242/jcs.103564
http://www.ncbi.nlm.nih.gov/pubmed/22454523
https://doi.org/10.1074/jbc.M403945200
https://doi.org/10.1074/jbc.M403945200
http://www.ncbi.nlm.nih.gov/pubmed/15123599
https://doi.org/10.1021/bi4003502
http://www.ncbi.nlm.nih.gov/pubmed/23647335
https://doi.org/10.1371/journal.ppat.1002008
https://doi.org/10.1371/journal.ppat.1002008
http://www.ncbi.nlm.nih.gov/pubmed/21483489
https://doi.org/10.1111/j.1471-4159.2009.06298.x
http://www.ncbi.nlm.nih.gov/pubmed/19650874
https://doi.org/10.1021/bi9002138
https://doi.org/10.1021/bi9002138
http://www.ncbi.nlm.nih.gov/pubmed/19476346
https://doi.org/10.1074/jbc.M507596200
http://www.ncbi.nlm.nih.gov/pubmed/16115873
https://doi.org/10.1021/bi602396x
http://www.ncbi.nlm.nih.gov/pubmed/17311420
https://doi.org/10.1111/j.1365-2958.2011.07682.x
http://www.ncbi.nlm.nih.gov/pubmed/21542861
https://doi.org/10.1021/bi100865f
https://doi.org/10.1021/bi100865f
http://www.ncbi.nlm.nih.gov/pubmed/20731382
https://doi.org/10.1074/jbc.M112.404244
https://doi.org/10.1074/jbc.M112.404244
http://www.ncbi.nlm.nih.gov/pubmed/23027864
https://doi.org/10.1111/j.1742-4658.2011.08166.x
https://doi.org/10.1111/j.1742-4658.2011.08166.x
http://www.ncbi.nlm.nih.gov/pubmed/21554541
https://doi.org/10.1371/journal.ppat.1007048

@’PLOS | PATHOGENS

Lipid-binding loop of BoNT/B, DC and G

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

ganglioside binding mechanism. Biochem Biophys Res Commun. 2011; 411(2):433-9. https://doi.org/
10.1016/j.bbrc.2011.06.173 PMID: 21749855.

Zhang S, Berntsson RP, Tepp WH, Tao L, Johnson EA, Stenmark P, et al. Structural basis for the
unique ganglioside and cell membrane recognition mechanism of botulinum neurotoxin DC. Nat Com-
mun. 2017; 8(1):1637. https://doi.org/10.1038/s41467-017-01534-z PMID: 29158482.

Stenmark P, Dong M, Dupuy J, Chapman ER, Stevens RC. Crystal structure of the botulinum neuro-
toxin type G binding domain: insight into cell surface binding. J Mol Biol. 2010; 397(5):1287-97. https://
doi.org/10.1016/j.jmb.2010.02.041 PMID: 20219474.

Benson MA, Fu Z, Kim JJ, Baldwin MR. Unique ganglioside recognition strategies for clostridial neuro-
toxins. J Biol Chem. 2011; 286(39):34015—-22. Epub 2011/08/19. https://doi.org/10.1074/jbc.M111.
272054 PMID: 21849494,

Kumaran D, Eswaramoorthy S, Furey W, Navaza J, Sax M, Swaminathan S. Domain organization in
Clostridium botulinum neurotoxin type E is unique: its implication in faster translocation. J Mol Biol.
2009; 386(1):233-45. https://doi.org/10.1016/j.jmb.2008.12.027 PMID: 19118561.

Lacy DB, Tepp W, Cohen AC, DasGupta BR, Stevens RC. Crystal structure of botulinum neurotoxin
type A and implications for toxicity. Nat Struct Biol. 1998; 5(10):898—-902. https://doi.org/10.1038/2338
PMID: 9783750.

Kirchner S, Kramer KM, Schulze M, Pauly D, Jacob D, Gessler F, et al. Pentaplexed quantitative real-
time PCR assay for the simultaneous detection and quantification of botulinum neurotoxin-producing
clostridia in food and clinical samples. Appl Environ Microbiol. 2010; 76(13):4387-95. https://doi.org/10.
1128/AEM.02490-09 PMID: 20435756.

Bigalke H, Rummel A. Botulinum Neurotoxins: Qualitative and Quantitative Analysis Using the Mouse
Phrenic Nerve Hemidiaphragm Assay (MPN). Toxins (Basel). 2015; 7(12):4895-905. Epub 2015/11/
28. https://doi.org/10.3390/toxins7124855 PMID: 26610569.

Denisov IG, Sligar SG. Nanodiscs in membrane biochemistry and biophysics. Chem Rev. 2017; 117
(6):4669—-713. https://doi.org/10.1021/acs.chemrev.6b00690 PMID: 28177242.

Nishiki T, Tokuyama Y, Kamata Y, Nemoto Y, Yoshida A, Sato K, et al. The high-affinity binding of Clos-
tridium botulinum type B neurotoxin to synaptotagmin Il associated with gangliosides GT1b/GD1a.
FEBS Lett. 1996; 378(3):253—7. PMID: 8557112.

Desplantes R, Leveque C, Muller B, Lotierzo M, Ferracci G, Popoff M, et al. Affinity biosensors using
recombinant native membrane proteins displayed on exosomes: application to botulinum neurotoxin B
receptor. Sci Rep. 2017; 7(1):1032. https://doi.org/10.1038/s41598-017-01198-1 PMID: 28432329.

Tsukamoto K, Kozai Y, Ihara H, Kohda T, Mukamoto M, Tsuji T, et al. Identification of the receptor-bind-
ing sites in the carboxyl-terminal half of the heavy chain of botulinum neurotoxin types C and D. Microb
Pathog. 2008; 44(6):484-93. https://doi.org/10.1016/j.micpath.2007.12.003 PMID: 18242046.

Strotmeier J, Lee K, Vélker AK, Mahrhold S, Zong Y, Zeiser J, et al. Botulinum neurotoxin serotype D
attacks neurons via two carbohydrate-binding sites in a ganglioside-dependent manner. Biochem J.
2010; 431(2):207-16. Epub 2010/08/14. https://doi.org/10.1042/BJ20101042 PMID: 20704566.

Kroken AR, Karalewitz AP, Fu Z, Kim JJ, Barbieri JT. Novel ganglioside-mediated entry of botulinum
neurotoxin serotype D into neurons. J Biol Chem. 2011; 286(30):26828-37. Epub 2011/06/03. https:/
doi.org/10.1074/jbc.M111.254086 PMID: 21632541.

Ni T, Kalli AC, Naughton FB, Yates LA, Naneh O, Kozorog M, et al. Structure and lipid-binding proper-
ties of the kindlin-3 pleckstrin homology domain. Biochem J. 2017; 474(4):539-56. https://doi.org/10.
1042/BCJ20160791 PMID: 27974389.

Lemmon MA. Membrane recognition by phospholipid-binding domains. Nat Rev Mol Cell Biol. 2008; 9
(2):99-111. https://doi.org/10.1038/nrm2328 PMID: 18216767.

Rummel A, Mahrhold S, Bigalke H, Binz T. The Hcc-domain of botulinum neurotoxins A and B exhibits
a singular ganglioside binding site displaying serotype specific carbohydrate interaction. Mol Microbiol.
2004; 51(3):631-43. Epub 2004/01/21. PMID: 14731268.

Swaminathan S, Eswaramoorthy S. Structural analysis of the catalytic and binding sites of Clostridium
botulinum neurotoxin B. Nat Struct Biol. 2000; 7(8):693-9. PMID: 10932256.

Fogolari F, Tosatto SC, Muraro L, Montecucco C. Electric dipole reorientation in the interaction of botuli-
num neurotoxins with neuronal membranes. FEBS Lett. 2009; 583(14):2321-5. https://doi.org/10.1016/
j.febslet.2009.06.046 PMID: 19576894.

de Mol NJ, Fischer MJE. Chapter 5 Kinetic and Thermodynamic Analysis of Ligand-Receptor Interac-
tions: SPR Applications in Drug Development. Handbook of Surface Plasmon Resonance: The Royal
Society of Chemistry; 2008. p. 123-72.

Frasca V. Biophysical characterization of antibodies with isothermal titration calorimetry. J Appl Bioanal.
2016; 2(3):90-102.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007048 May 2, 2018 24/25


https://doi.org/10.1016/j.bbrc.2011.06.173
https://doi.org/10.1016/j.bbrc.2011.06.173
http://www.ncbi.nlm.nih.gov/pubmed/21749855
https://doi.org/10.1038/s41467-017-01534-z
http://www.ncbi.nlm.nih.gov/pubmed/29158482
https://doi.org/10.1016/j.jmb.2010.02.041
https://doi.org/10.1016/j.jmb.2010.02.041
http://www.ncbi.nlm.nih.gov/pubmed/20219474
https://doi.org/10.1074/jbc.M111.272054
https://doi.org/10.1074/jbc.M111.272054
http://www.ncbi.nlm.nih.gov/pubmed/21849494
https://doi.org/10.1016/j.jmb.2008.12.027
http://www.ncbi.nlm.nih.gov/pubmed/19118561
https://doi.org/10.1038/2338
http://www.ncbi.nlm.nih.gov/pubmed/9783750
https://doi.org/10.1128/AEM.02490-09
https://doi.org/10.1128/AEM.02490-09
http://www.ncbi.nlm.nih.gov/pubmed/20435756
https://doi.org/10.3390/toxins7124855
http://www.ncbi.nlm.nih.gov/pubmed/26610569
https://doi.org/10.1021/acs.chemrev.6b00690
http://www.ncbi.nlm.nih.gov/pubmed/28177242
http://www.ncbi.nlm.nih.gov/pubmed/8557112
https://doi.org/10.1038/s41598-017-01198-1
http://www.ncbi.nlm.nih.gov/pubmed/28432329
https://doi.org/10.1016/j.micpath.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18242046
https://doi.org/10.1042/BJ20101042
http://www.ncbi.nlm.nih.gov/pubmed/20704566
https://doi.org/10.1074/jbc.M111.254086
https://doi.org/10.1074/jbc.M111.254086
http://www.ncbi.nlm.nih.gov/pubmed/21632541
https://doi.org/10.1042/BCJ20160791
https://doi.org/10.1042/BCJ20160791
http://www.ncbi.nlm.nih.gov/pubmed/27974389
https://doi.org/10.1038/nrm2328
http://www.ncbi.nlm.nih.gov/pubmed/18216767
http://www.ncbi.nlm.nih.gov/pubmed/14731268
http://www.ncbi.nlm.nih.gov/pubmed/10932256
https://doi.org/10.1016/j.febslet.2009.06.046
https://doi.org/10.1016/j.febslet.2009.06.046
http://www.ncbi.nlm.nih.gov/pubmed/19576894
https://doi.org/10.1371/journal.ppat.1007048

@’PLOS | PATHOGENS

Lipid-binding loop of BoNT/B, DC and G

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Hamark C, Berntsson RP, Masuyer G, Henriksson LM, Gustafsson R, Stenmark P, et al. Glycans con-
fer specificity to the recognition of ganglioside receptors by botulinum neurotoxin A. J Am Chem Soc.
2017; 139(1):218-30. https://doi.org/10.1021/jacs.6b09534 PMID: 27958736.

Weisemann J, Stern D, Mahrhold S, Dorner BG, Rummel A. Botulinum Neurotoxin serotype A recog-
nizes its protein receptor SV2 by a different mechanism than botulinum neurotoxin B synaptotagmin.
Toxins (Basel). 2016; 8(5):154. hitps://doi.org/10.3390/toxins8050154 PMID: 27196927.

Muraro L, Tosatto S, Motterlini L, Rossetto O, Montecucco C. The N-terminal half of the receptor
domain of botulinum neurotoxin A binds to microdomains of the plasma membrane. Biochem Biophys
Res Commun. 2009; 380(1):76-80. https://doi.org/10.1016/j.bbrc.2009.01.037 PMID: 19161982.

Sun S, Suresh S, Liu H, Tepp WH, Johnson EA, Edwardson JM, et al. Receptor binding enables botuli-
num neurotoxin B to sense low pH for translocation channel assembly. Cell Host Microbe. 2011; 10
(3):237—-47. https://doi.org/10.1016/j.chom.2011.06.012 PMID: 21925111.

Yao G, Lam KH, Weisemann J, Peng L, Krez N, Perry K, et al. A camelid single-domain antibody neu-
tralizes botulinum neurotoxin A by blocking host receptor binding. Sci Rep. 2017; 7(1):7438. https://doi.
0rg/10.1038/s41598-017-07457-5 PMID: 28785006.

Rujas E, Gulzar N, Morante K, Tsumoto K, Scott JK, Nieva JL, et al. Structural and thermodynamic
basis of epitope binding by neutralizing and nonneutralizing forms of the anti-HIV-1 antibody 4E10. J
Virol. 2015; 89(23):11975-89. https://doi.org/10.1128/JVI.01793-15 PMID: 26378169.

Scherer EM, Leaman DP, Zwick MB, McMichael AJ, Burton DR. Aromatic residues at the edge of the
antibody combining site facilitate viral glycoprotein recognition through membrane interactions. Proc
Natl Acad Sci U S A. 2010; 107(4):1529—-34. https://doi.org/10.1073/pnas.0909680107 PMID:
20080706.

Lee K, GuS, JinL, Le TT, Cheng LW, Strotmeier J, et al. Structure of a bimodular botulinum neurotoxin
complex provides insights into its oral toxicity. PLoS Pathog. 2013; 9(10):e1003690. https://doi.org/10.
1371/journal.ppat.1003690 PMID: 24130488.

Ritchie TK, Grinkova YV, Bayburt TH, Denisov IG, Zolnerciks JK, Atkins WM, et al. Chapter 11—Recon-
stitution of membrane proteins in phospholipid bilayer nanodiscs. Methods Enzymol. 2009; 464:211—
31. https://doi.org/10.1016/S0076-6879(09)64011-8 PMID: 19903557.

Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 1970; 227(5259):680-5. PMID: 5432063.

Kang D, Gho YS, Suh M, Kang C. Highly sensitive and fast protein detection with Coomassie Brillant
Blue in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Bull Korean Chem Soc. 2002; 23
(11):1511-=2.

Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of proteins from polyacrylamide gels to nitro-
cellulose sheets: procedure and some applications. Proc Natl Acad Sci U S A. 1979; 76(9):4350—4.
PMID: 388439.

Karlsson R, Katsamba PS, Nordin H, Pol E, Myszka DG. Analyzing a kinetic titration series using affinity
biosensors. Anal Biochem. 2006; 349(1):136—47. https://doi.org/10.1016/j.2b.2005.09.034 PMID:
16337141.

Myszka DG. Improving biosensor analysis. J Mol Recognit. 1999; 12(5):279-84. https://doi.org/10.
1002/(SICI)1099-1352(199909/10)12:5<279::AID-JMR473>3.0.CO;2-3 PMID: 10556875.

Nath A, Atkins WM, Sligar SG. Applications of phospholipid bilayer nanodiscs in the study of mem-
branes and membrane proteins. Biochemistry. 2007; 46(8):2059—-69. https://doi.org/10.1021/bi602371n
PMID: 17263563.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007048 May 2, 2018 25/25


https://doi.org/10.1021/jacs.6b09534
http://www.ncbi.nlm.nih.gov/pubmed/27958736
https://doi.org/10.3390/toxins8050154
http://www.ncbi.nlm.nih.gov/pubmed/27196927
https://doi.org/10.1016/j.bbrc.2009.01.037
http://www.ncbi.nlm.nih.gov/pubmed/19161982
https://doi.org/10.1016/j.chom.2011.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21925111
https://doi.org/10.1038/s41598-017-07457-5
https://doi.org/10.1038/s41598-017-07457-5
http://www.ncbi.nlm.nih.gov/pubmed/28785006
https://doi.org/10.1128/JVI.01793-15
http://www.ncbi.nlm.nih.gov/pubmed/26378169
https://doi.org/10.1073/pnas.0909680107
http://www.ncbi.nlm.nih.gov/pubmed/20080706
https://doi.org/10.1371/journal.ppat.1003690
https://doi.org/10.1371/journal.ppat.1003690
http://www.ncbi.nlm.nih.gov/pubmed/24130488
https://doi.org/10.1016/S0076-6879(09)64011-8
http://www.ncbi.nlm.nih.gov/pubmed/19903557
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://www.ncbi.nlm.nih.gov/pubmed/388439
https://doi.org/10.1016/j.ab.2005.09.034
http://www.ncbi.nlm.nih.gov/pubmed/16337141
https://doi.org/10.1002/(SICI)1099-1352(199909/10)12:5<279::AID-JMR473>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1099-1352(199909/10)12:5<279::AID-JMR473>3.0.CO;2-3
http://www.ncbi.nlm.nih.gov/pubmed/10556875
https://doi.org/10.1021/bi602371n
http://www.ncbi.nlm.nih.gov/pubmed/17263563
https://doi.org/10.1371/journal.ppat.1007048

