
Epitope-Targeting of Tertiary Protein Structure Enables Target-
Guided Synthesis of a Potent in Cell Inhibitor of Botulinum 
Neurotoxin**

Blake Farrowa, Dr. Michelle Wong, Dr. Jacquie Maletteb, Dr. Bert Laib, Dr. Kaycie M. Deyle, 
Dr. Samir Das, Arundhati Nag [Prof.], Heather D. Agnewb, and James R. Heath

Division of Chemistry and Chemical Engineering, California Institute of Technology, 1200 E. 
California Blvd, Pasadena, CA 91125

aDepartment of Applied Physics and Materials Science, California Institute of Technology

bIndi Molecular, 6162 Bristol Parkway, Culver City, California 90230

Abstract

Botulinum neurotoxin (BoNT) serotype A is the most lethal known toxin and has an occluded 

structure which prevents direct inhibition of its active site before it enters the cytosol. We combine 

in situ click target-guided synthesis with synthetic epitope-targeting to exploit the tertiary structure 

of the BoNT protein as a landscape for assembling a competitive inhibitor. A substrate mimicking 

peptide macrocycle is used as a direct inhibitor of BoNT. An epitope targeted in situ click screen is 

utilized to identify a second peptide macrocycle ligand that binds to an epitope that, in the folded 

BoNT structure, is active site adjacent. A second in situ click screen identifies a molecular bridge 

between the two macrocycles. The resulting divalent inhibitor exhibits an inhibition constant of 

165 pM in vitro against the BoNT/A catalytic chain. The inhibitor is carried into cells by the intact 

holotoxin, and demonstrates protection and rescue of BoNT intoxication in a human neuron 

model.

Keywords

target-guided synthesis; botulinum neurotoxin; combinatorial screening; epitope targeting; 
peptides

Botulinum neurotoxin (BoNT) serotype A is the most lethal known toxin and is produced by 

some species of the bacterial genus Clostridium. BoNT/A is a chemodenervating zinc-

dependent protease that prevent the Ca2+-triggered release of acetylcholine in neuromuscular 

junctions, by cleaving one of the three SNARE proteins required for synaptic vesicle 
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formation and release[1]. BoNT/A intoxication proceeds with selective binding to neuronal 

receptors, cell entry through receptor-mediated endocytosis, endosome escape via pH-

induced translocation, and, finally, cleavage of its SNAP-25 substrate in the cytosol[2]. 

BoNT/A is comprised of a receptor-binding heavy chain and disulfide-linked catalytic light 

chain (LC). This disulfide bond must be intact for the toxin to poison neurons, but must be 

broken for the LC to act catalytically in the cytosol[3]. A subdomain (the ‘belt’) structurally 

occludes the intact holotoxin active site (Scheme 1) so that drug-induced inhibition only 

occurs after belt release, which is promoted by the reduction of the disulfide link by the 

cytosolic environment[4]. The rapid sequestration of BoNT toxins into motor neurons limits 

current antibody based therapies, while the occluded active site is undruggable by traditional 

protease inhibitors[5]. Recently membrane-penetrant small molecule BoNT LC inhibitors 

have shown promise in vitro, however their reported cytotoxicity indicates significant off-

target interactions and have effective doses in the mid to high micromolar range[6]. BoNT is 

a potentially deadly bioweapon[7], but is also a therapeutic and cosmetic agent, with an 

accompanying risk of accidental overdosing. Potent and effective inhibitors are needed.

Sharpless’ group first reported on target-guided synthesis by in situ click chemistry[8]. They 

utilized the active site of an enzyme as a highly selective promoter of the 1,3-dipolar 

cycloaddition reaction to assemble a divalent inhibitor from two small molecule libraries – 

one presenting and azide, the other an acetylene. Over the last several years we have applied 

in situ click to the discovery of peptides targeting a variety of proteins and post-translational 

modifications[9]. To build a BoNT inhibitor, we sought to further generalize the target-

guided synthesis approach by exploiting the tertiary structure of the BoNT LC as a 

landscape for assembling a potent inhibitor (Scheme 1). We developed a macrocyclic 

peptide ligand (Inh-1, SI Figure S1–2) that is a substrate mimic for BoNT. Inh-1 binds to 

the active site with a ~70 nM binding affinity (kD) and similar inhibition constant. We then 

employ an all synthetic in situ click epitope targeting approach[10] (Scheme 1) to identify a 

second peptide macrocycle (L2, SI Figure S3–4) that binds to a site a few angstroms away in 

the folded protein structure from the active site. L2 exhibits a kD ~80 nM, but no inhibitory 

effects. Finally, we utilize an in situ click screen, promoted by the BoNT LC, to identify a 

linear peptide that connects the two macrocycles (Scheme 2). The final divalent ligand 

(Inh-2, SI Figure S5) inhibits the BoNT LC with an IC50 of 165 ± 15 pM. Inh-2 is carried 

into neuronal cells by BoNT itself, and inhibits the holotoxin in live cells. This technique 

provides a potentially general route for the development of peripheral and active site binders 

from naïve libraries for combination through in situ click target-guided synthesis.

The active site of the catalytic BoNT/A LC recognizes the 7-residue QRATKML sequence 

of the SNAP-25 protein. Many inhibitors based on this motif have been reported[5, 11]. One 

peptidomimetic inhibitor variant resulting from a structure-based search binds BoNT in a 

tight 310 helical conformation[11b] with low nanomolar inhibition of BoNT LC in vitro (SI 

Figure S6–7). In an effort to reinforce this conformation in solution and increase chemical 

and biological stability of this compound, we synthesized a small library of (i, i+3)-click 

cyclized derivatives[12].

One compound (Inh-1) inhibited BoNT/A LC with a 70 ± 8 nM inhibition constant 

measured in vitro using a FRET-based substrate cleavage assay (SI Figure S8)[13] and 68 
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± 29 nM kD measured by FP and confirmed by sandwich ELISA (Figure 1A and SI Figure 

S9). However, inhibiting the full BoNT holotoxin with the occluded LC active site is more 

challenging. Single point ELISA binding data (Figure 1D) shows that the Inh-1 exhibits 

minimal binding to the holotoxin despite tight binding to the LC. Thus, we sought to expand 

Inh-1 to include a moiety that binds to a non-occluded region of BoNT LC adjacent to the 

active site. We targeted an epitope (BoNT LC residues 166–179, SI Figure S10) which is 

solvent exposed in the occluded conformation of the holotoxin for screening with epitope-

catalyzed in situ click.

The epitope was synthesized with an N-terminal azidolysine and a C-terminal biotin and was 

screened against a 1.1M element library of macrocyclic 5-mer peptides synthesized on 

Tentagel resin substituted with an N-terminal propargylglycine (Scheme 2) and anti-

screened against a scrambled version of the same epitope (SI Figure S10–11). After 

incubation with the target epitope, beads were stripped, probed and developed with an 

alkaline phosphatase (AP) anti-biotin mAb. Nine hit beads were sequenced using Edman 

degradation and found to have significant sequence homology (SI Figure S12). L2 was 

selected after fluorescence polarization showed a 78 ± 13 nM kD to the BoNT LC and 

similar binding (kD not quantitated) to the BoNT holotoxin, but no measurable LC inhibition 

(Figure1B and 1D). Inh-1 and L2 binding sites were verified using competitive ELISA 

formats with known active site binders and the targeted BoNT epitope respectively (SI 

Figure S13).

To optimally combine Inh-1 with L2, kinetic in situ target-guided synthesis was used with a 

combinatorial linker library[14] (Scheme 2) to identify an optimized molecular bridge. To 

this end, L2 was synthesized on Tentagel resin and appended with an N-terminal linker 

library that was terminated with a propargylglycine. This appended library was 

comprehensive from zero to five residues in four non-canonical and alternate chirality amino 

acids that were selected for structural rigidity. Our rational was to maximize the avidity 

enhancement achievable when combining two independent binders by prepaying the 

entropic cost of orientation using a rigid linker of length equal to the root mean square 

average separation of the two binding sites[15]. Inh-1 was synthesized with a C-terminal 

azidolysine and a biotin assay handle (SI Figure S14). The BoNT LC was added to promote 

the target guided synthesis of a bivalent ligand by bringing the reactive azide and alkyne 

groups in close proximity. After screening, beads were stripped, probed and developed with 

an AP anti-biotin mAb. Hit beads were sequenced using Edman degradation and resulted in 

a consensus of two linker sequences: Gly – Aib – Leu and Leu – Aib – Gly (Scheme 2). 

Inh-2 was selected for all subsequent assays and demonstrated an inhibition constant of 165 

± 15 pM against BoNT LC evaluated in vitro as above. Variants of this ligand were prepared 

that included a biotin for binding assays, a spontaneously translocating peptide (STP) 

reported for the delivery of polar cargo to the cytosol, and a PEG4 variant linker[16] (SI 

Figure S15–17).

We tested the ability of Inh-2 to protect and rescue BoNT intoxication in human neurons 

(Figures 2 and 3 respectively). iCell neurons are derived from pluripotent stem cells, and 

have been reported as a model for monitoring SNAP-25 cleavage by BoNT within living 

cells[17] (SI Figure S18). Cells were plated on poly-D-lysine coated 96-well plates with a 
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laminin matrix and exposed to 2 mouse LD50 units (U) of BoNT pre-incubated with various 

concentrations of Inh-1 and Inh-2. All cells were lysed after 24 hours and evaluated for 

SNAP-25 cleavage by western blotting. Cleaved SNAP-25 appeared as a second band under 

the intact SNAP-25 band (Figure 2A). Western blotting data was quantified by densitometry 

to extract a dose-response behavior of the ligands in protection against BoNT intoxication. 

Inh-1 exhibited negligible protective effects at up to 10 µM dosing. This is likely due to the 

occluded active site being unavailable for binding until BoNT enters the cytosol, and the 

membrane impermeable nature of Inh-1. Inh-2 is also impermeable to cell membranes, but 

demonstrated significant protective effect to BoNT intoxication at concentrations as low as 

100 nM. This type of protection has been reported for inhibitors of the BoNT LC active site 

in neuron models, but only at inhibitor concentrations in the mid micromolar range[5]. As a 

comparison, a sheep antibody acquired from the BEI biodefense repository with known 

neutralizing effect was evaluated. This antibody protects against BoNT intoxication by 

interrupting the heavy chain receptor-mediated endocytosis and provides protection into the 

low to mid nanomolar range.

After extended maturation, iCell neurons demonstrate functional synaptic vesicle recycling, 

indicating the development of a presynaptic compartment. Synaptic vesicle recycling was 

monitored through synaptic vesicle staining with the outer membrane partitioning styryl dye 

FM1–43 followed by Ca2+/K+ dependent depolarization[18] (SI Figure S19). The synaptic 

vesicles of BoNT intoxicated neurons can be stained, however Ca2+/K+ depolarization does 

not induce vesicle exocytosis[19] and subsequent turn-off of FM1–43 fluorescence. Synaptic 

vesicles appearing as puncta in epifluorescent images of the live neurons were quantified on 

a per cell basis (SI Figure S20) after exposure to BoNT pre-incubated with 1 µM of 

inhibitory ligands. Representative cells following depolarization are shown in Figure 2B 

along with the synaptic vesicle counts for each condition quantified over three wells. As 

observed in the western blot assay, this functional assay shows negligible protection to 

BoNT intoxication by Inh-1, while Inh-2 provides full protection. These results are 

consistent with a Trojan horse-like inhibition mechanism in which the non-inhibiting L2 
moiety of Inh-2 binds to the BoNT holotoxin, so that Inh-2 is shuttled into the cell by the 

holotoxin itself during the endocytosis step of BoNT intoxication. Once the belt is released, 

the Inh-1 moiety clamps down onto the active site, thus inhibiting the protein. To evaluate 

the effect of passive delivery to the cytosol, ligands were appended with an STP (SI Figure 

S21). The Inh-1-STP compound targeting the active site showed a statistically significant 

increase in protection (p < 0.001) compared to the membrane impermeable Inh-1, though 

not the complete protection expected at this concentration for the BoNT LC in vitro.

Both the membrane permeable and impermeable Inh-2 variants provided complete 

functional protection in neurons. We next evaluated the BoNT-independent cellular entry of 

Inh-2-STP through rescue assays in which BoNT entry and intoxication begin before the 

addition of the inhibitor. Rescue was evaluated in iCell neurons in a bolus 55U five-minute 

exposure in cell-stimulating media followed by washing and an extended 1U exposure with 

no washing. In both experiments 1 µM inhibitory ligand was added to the cells 1, 3 and 12 

hours post-exposure. All cells were lysed 24 hours after exposure and SNAP-25 cleavage 

was evaluated by western blotting (Figure 3B). Two blots per condition were quantified and 
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averaged by densitometry (Fig. 3C). In the bolus exposure, Inh-2-STP exhibits partial 

rescue from internalized BoNT as late as 3 hours after exposure, with later time points 

indicating the internalized BoNT had completely cleaved SNAP-25 after 12 hours. This 

rescue effect is not observed with the Inh-2 compound lacking the STP (SI Figure S22). As 

expected, the sheep pAb shows no detectable rescue due to its extracellular mechanism of 

action. In the 1U extended exposure, both the sheep pAb and compound Inh-2-STP showed 

similar levels of rescue. The process of BoNT endocytosis is slowed significantly at low 

concentrations and in non-stimulating media, enabling protection through the pAb protective 

mechanism. The rescue effect of Inh-2-STP in the absence of extracellular BoNT indicates 

that the STP allowed passive translocation of the Inh-2 cargo across the cell membrane for 

inhibition of previously internalized BoNT.

We have reported the rational use of the tertiary structure of a protein target as a landscape 

for the assembly of a highly potent inhibitor. The specific application yielded a ligand, Inh-2 
that succeeds as a strong inhibitor in spite of the naturally occluded active site of BoNT 

holotoxin. Inh-2 effectively acts as a Trojan horse; it is carried into the neuronal cells by the 

BoNT machinery. Once inside the cytosol, the BoNT LC active site is exposed and Inh-2 
performs its inhibitory function. To our knowledge this divalent inhibitory ligand is the most 

potent in vitro and in cell inhibitor of BoNT/A yet reported and represents the first use of a 

peripheral binding site to enhance the binding avidity and facilitate BoNT/A holotoxin 

binding. This basic approach of identifying and combining peripheral binders may have 

general applicability for developing high affinity, high specificity enzyme inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of ligand binding and inhibition in vitro
(A) Inhibition curve (left axis) and fluorescence polarization binding curve (right axis) of 

Inh-1. Observed IC50 of inhibition is 70 ± 10 nM and observed kD is 68 ± 29 nM by Hill 

curve fitting. (B) Inhibition curve (left axis) and fluorescence polarization binding curve 

(right axis) of compound L2. No inhibition is observed, kD observed is 78 ± 8 nM. (C) 

Inhibition curves comparing compound Inh-1 (pink) to compound Inh-2 (red). Observed 

IC50 is 60 ± 11 nM and 165 ± 15 pM respectively. (D) Single point ELISA binding data of 

compounds to 50 nM of the reduced (available active site) and intact (occluded by belt) 

BoNT/A holotoxins. Error bars indicate standard deviation of replicates.
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Figure 2. Ligand inhibition effect in hiPSC-derived neuron system with BoNT holotoxin
(A) Top shows western blots of neuron lysates for B-tubulin (control) and SNAP (cleaved 

and uncleaved). The cleaved SNAP product appears as a longer running band below the 

intact SNAP in the western blot. Assays were performed with varying concentration of 

compounds Inh-1, Inh-2 along with a known endocytosis-inhibiting polyclonal sheep anti-

BoNT heavy chain antibody. Plot below shows percent intact SNAP as a function of ligand 

concentration. Percent intact was calculated as the ratio of the integrated intact band 

intensity to the total integrated intensity of the bands. (B) Top shows representative 

epifluorescence images of live neurons after FM1-43 synaptic vesicle stain loading and after 

depolarization with and without prior BoNT intoxication, scale bars are 40 µm. Plot below 

shows average integrated synaptic vesicle stain intensity on a per-cell basis for all conditions 

with 1 µM added compound where relevant. STP = Spontaneously translocating peptide. 

Error bars indicate standard deviation of replicates.
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Figure 3. Rescuing hiPSC-derived neurons from BoNT intoxication
(A) Experimental timeline of 55 U bolus toxin exposure (i) and 24-hr incubation with 2 U 

toxin (ii). Protection effect was evaluated by preincubation of toxin with 1 µM inhibiting 

anti-BoNT pAb or Inh-2-STP and rescue effect was evaluated 1hr, 3hrs and 12hrs after 

exposure to toxin by lysing cells and quantitating SNAP cleavage by western blot and 

densitometry. In all cases cells were lysed 24 hours after toxin exposure. (B) Representative 

western blots of neuron lysates for B-tubulin (control) and SNAP (cleaved and uncleaved) 

after rescue experiments shown in A. The cleaved SNAP product appears as a longer 

running band below the intact SNAP in the western blot. (C) Percent intact SNAP as a 

function of exposure time before treatment. Percent intact was calculated as the ratio of the 

integrated intact band intensity to the total integrated intensity of the bands. Error bars 

indicate standard deviation of replicates.
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Scheme 1. The development of a biligand inhibitor of BoNT/A
Inh-1 (orange, Dab(DNP)-R-Lys(N3)-T-Dab-Pra-L-R1) is based on the natural peptide 

substrate for BoNT LC and existing structural studies of peptidomimetic substrate mimics. 

Epitope-targeting was used to screen for a secondary ligand targeted to a nearby 

unstructured epitope (BoNT LC 166–179, green) exposed in the presence of the holotoxin’s 

occluding belt (red). The ligand selected (L2, red, R2-Pra-NYRWL-Lys(N3)) was selected 

from a 1.1M member macrocyclic peptide library.
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Scheme 2. Linker screen for divalent ligand development
Inh-1 was synthesized with a C-terminal azide and Biotin tag for readout of in situ click 

screen and used in solution while L2 was synthesized with an N-terminal alkyne and a 

comprehensive linker library of oligopeptides of length zero to five units on Tentagel resin. 

An in situ click protein-catalyzed click screen was performed to select for a minimally 

perturbative correctly oriented linker and resulted in hit sequences Gly-Aib-Leu and Leu-
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Aib-Gly. A PEG4 linker was also used in preliminary assays as a comparison (See 

Supplemental Figure S13–14). Inh-2 was the biligand chosen for all future assays.
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