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Inhibiting oral intoxication of botulinum neurotoxin A complex
by carbohydrate receptor mimics
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Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439, USA

“Foodborne Toxin Detection and Prevention Research Unit, Western Regional Research Center,
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Abstract

Botulinum neurotoxins (BoNTSs) cause the disease botulism manifested by flaccid paralysis that
could be fatal to humans and animals. Oral ingestion of the toxin with contaminated food is one of
the most common routes for botulism. BONT assembles with several auxiliary proteins to survive
in the gastrointestinal tract and is subsequently transported through the intestinal epithelium into
the general circulation. Several hemagglutinin proteins form a multi-protein complex (HA
complex) that recognizes host glycans on the intestinal epithelial cell surface to facilitate BONT
absorption. Blocking carbohydrate binding to the HA complex could significantly inhibit the oral
toxicity of BoNT. Here, we identify lactulose, a galactose-containing non-digestible sugar
commonly used to treat constipation, as a prototype inhibitor against oral BONT/A intoxication.
As revealed by a crystal structure, lactulose binds to the HA complex at the same site where the
host galactose-containing carbohydrate receptors bind. In vitro assays using intestinal Caco-2 cells
demonstrated that lactulose inhibits HA from compromising the integrity of the epithelial cell
monolayers and blocks the internalization of HA. Furthermore, co-administration of lactulose
significantly protected mice against BONT/A oral intoxication in vivo. Taken together, these data
encourage the development of carbohydrate receptor mimics as a therapeutic intervention to
prevent BoNT oral intoxication.
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Introduction

Botulinum neurotoxins (BoNTs) produced by Clostridium botulinum are the most poisonous
toxins, and classified by the Centers for Disease Control and Prevention as one of the six
highest-risk threat agents for bioterrorism (Arnon et al., 2001). They specifically cleave the
soluble N-ethylmaleimide sensitive factor attachment protein receptors (SNARES) after
invading motoneurons at neuromuscular junctions and subsequently block acetylcholine
release (Rossetto et al., 2014). Current treatment for botulism requires early diagnosis,
immediate treatment with equine antitoxin, prolonged hospitalization in an intensive care
unit and mechanical ventilation (Rusnak and Smith, 2009). Hence, there is an urgent need to
develop effective diagnostic and preventive countermeasures against oral BONT
intoxication.

There are seven serotypes of BONT (termed BoNT/A-G) including at least 40 different
subtypes, among which BoNT/A, B, E, and F are known to cause human botulism (Rossetto
et al., 2014). BoNTs are naturally secreted in the form of progenitor toxin complex (PTC)
where the toxin is bound to several non-toxic neurotoxin-associated proteins (NAPs). NAPs
are encoded together with the toxin gene in one of two different gene clusters, the HA cluster
or the orfX cluster (Hill and Smith, 2013). Besides a common non-toxic non-hemagglutinin
(NTNHA) protein, the HA gene cluster (BoNT/A1-D and G) encodes three hemagglutinins
(HA70, HA17, and HA33) and the orfX cluster (BoNT/A2-4, E, F) encodes three proteins
termed orfX1-3 (Gu and Jin, 2013; Kubota et al., 1998; Lam and Jin, 2015). The function of
the orfX proteins remains mysterious, so they will not be included in the following
discussion. NAPs are crucial for the delivery of BONTSs across the epithelial barrier into
systemic circulation, as BoNTs themselves are sensitive to inactivation and degradation in
the hostile environment of the gastrointestinal (GI) tract (Gu et al., 2012; Shone et al., 1985).
The oral toxicity of BoNTSs is increased by hundreds to thousands folds in the form of PTC
compared to the naked toxin (Ohishi, 1984; Ohishi et al., 1977).

The large PTC (L-PTC) contains two structurally and functionally distinct modules. BONT
and NTNHA form an oval-shaped interlocked complex (M-PTC), which protects the toxin
against digestive enzymes and the acidic environment in the gut (Gu et al., 2012). The three
HAs form an extended three-blade architecture (HA complex) that is composed of HA70,
HA17 and HA33 in 3:3:6 stoichiometry (Amatsu et al., 2013; Benefield et al., 2013; Lee et
al., 2013). HA70 and HA33 carry an N-acetylneuraminic acid (Neu5Ac) and a galactose
(Gal) binding site, respectively. Therefore, each HA complex comprises a total of nine
glycan-binding sites, which allow multivalent interactions with host carbohydrates to enrich
the toxin complex on the intestinal surface (Lee et al., 2013; Matsumura et al., 2015;
Sugawara et al., 2014; Yao et al., 2014). The HA complex then interacts with E-cadherin, a
major host adhesion protein, to disrupt the E-cadherin mediated cell-cell adhesion and open
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the paracellular route facilitating the transepithelial delivery of BONT (Lee et al., 2014b;
Matsumura et al., 2008; Sugawara et al., 2010). Interestingly, a recent study suggests that
the carbohydrate-binding activity of HA may help the PTC to exploit microfold (M) cells to
breach the intestinal epithelial barrier, which is mediated by glycoprotein 2 (GP2) on the cell
surface (Matsumura et al., 2015).

The substantial recent advances in understanding the structure and function of HA-
carbohydrate interactions suggest a new strategy for the development of preventive
countermeasures for BoNTs based on carbohydrate receptor mimicry. For instance,
isopropyl p-D-1-thiogalactopyranoside (IPTG), a non-metabolizable Gal analog, could
inhibit the oral toxicity of L-PTC/A using a mouse model (Lee et al., 2013). In this study,
we have identified lactulose (LAU), 4-O-B-D-galactopyranosyl-D-fructose, as another
potential inhibitor. We have performed thermodynamic analysis on binding between HA33
and LAU, and resolved the crystal structure of their complex. The physiological relevance of
the HA33-LAU interaction was further examined by an in vitro model using Caco-2
epithelial cells and by an in vivo mouse oral toxicity assay.

Material and Methods

Construct design and cloning

The constructs of HA70, HA17, and HA33 were prepared as previously reported (Lee et al.,
2013). Briefly, full length HAL7 (residues M1-1146) and full length HA33 (residues M1—
P293) from C. botulinum BoNT/A1 were cloned separately into the bicistronic pRSFDuet-1
vector for co-expression. HA17 was produced with an N-terminal 6xHis tag to facilitate
protein purification while HA33 carries no tag. Full length HA70 (residues M1-N626) was
cloned into the expression vector pQE30.

Protein expression and purification

Protein expression and purification were performed as described previously (Lee et al.,
2013). Briefly, HA17 and HA33 were co-expressed in Escherichia coli strain BL21-RIL
(DE3) (Novagen). The HA17-HA33 complex was first purified by Ni-NTA (nitrilotriacetic
acid, Qiagen) affinity column. His-tag was removed by PreScission protease and the protein
was further purified by MonoS ion-exchange chromatography and Superdex 200 size-
exclusion chromatography. The protein complex was concentrated to ~6 mg/ml using
Amicon Ultra centrifugal filter (Millipore) for crystallization. The complete HA complex
was reconstituted by mixing HA70 and the HA17-HA33 complex at a molar ratio of ~1:3.9
and the complex was further purified by Superdex 200 chromatography. The fluorescence-
labeled HA complex (HA*) was prepared with Alexa Fluor® 488 labeled HA70 and
unlabeled HA17- HA33 complex (Lee et al., 2013).

Isothermal titration calorimetry

The calorimetry titration experiments were performed on an ITC200 calorimeter from
Microcal/GE Life Sciences (Northampton, MA). LAU (40 mM) was used as the titrant in
the syringe and HA33 (200 pM) was used as the titrand in the cell. The data were analyzed
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using the Origin software package. The thermodynamic values reported are the mean of
three independent experiments.

Crystallization, Data collection and Structure Determination

Crystals of the HA17-HA33 complex were prepared as described previously (Lee et al.,
2013). Protein-carbohydrate complexes were obtained by soaking the HA17-HA33 crystals
with 100 mM IPTG or LAU at 18 °C overnight. X-ray diffraction data were collected at the
Advanced Photon Source (APS). The crystals belong to space group C2224, with unit cell
dimensions a=107 A, b=119 A, ¢ =162 A; a = p = y = 90°. The data were processed with
HKL2000 (Otwinowski and Minor, 1997). Data collection statistics are summarized in
Table 1. The structures were determined by molecular replacement software Phaser using
apo- HA17-HA33 (PDB code 4L00) as the search model (Lee et al., 2013; McCoy et al.,
2007). Manual model building and refinements were performed using COOT, PHENIX, and
CCP4 packages in an iterative manner (Adams et al., 2010; Emsley et al., 2010; Winn et al.,
2011). IPTG and LAU were modeled into the corresponding structure during the refinement
based on the Fo-Fc electron density maps. The refinement progress was monitored with the
free R value using a 5% randomly selected test set. The structures showed excellent
stereochemistry based on MolProbity validation (Chen et al., 2010). Structural refinement
statistics are listed in Table 1. All structure figures were prepared with PyMol. (http://
www.pymol.org)

Transwell assay

The transwell assay was performed as previously described (Lee et al., 2013; Lee et al.,
2014b). Caco-2 cells were obtained from the German Cancer Research Center (Heidelberg,
Germany). The cells were subcultured twice a week and seeded on BD Falcon Cell Culture
Inserts (0.9 cm?) at a density of approximately 10° cells cm™2 for flux studies and
determination of transepithelial electrical resistance (TER). All TER experiments were
conducted in 0.5 ml and 1.5 ml of Iscoves Modified Dulbeccos Medium without phenol red
in the apical and basolateral reservoir, respectively. LAU (95%, Sigma-Aldrich,
Taufkirchen, Germany) was dissolved in IMDM, sterile filtered and stored at —20°C. The
HA™* were pre-incubated with LAU overnight at 4°C in IMDM and diluted to the final
concentration with IMDM prior to administration. The TER upon administration of LAU in
the highest concentrations used was checked in the absence of HA* and was virtually
identical to that of the control without sugars. The HA* was administered to the apical or
basolateral reservoirs at final concentrations of 58 nM and 17 nM, respectively. TER was
determined with an epithelial volt-ohm meter (World Precision Instruments, Berlin,
Germany) equipped with an Endohm 12 chamber for filter inserts. Only filters with an initial
resistance of =300 2 cm~2 were used. For analysis of independent experiments subsequent
results were expressed as percentages of the corresponding resistance of each data set
determined immediately after administration of samples. Values are expressed as means of
>3 independent experiments with duplicate samples + standard deviations. For paracellular
transport studies, 200 pl of samples were taken from the apical and the basolateral reservoir
after 24 hour of incubation. The fluorescence signal was measured in a BioTek Synergy 4
fluorescence spectrophotometer at 495 nm excitation and 519 nm emission wavelengths.
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Inhibition of oral intoxication

Oral mouse intoxication was performed as previously described (Cheng et al., 2008). Sets of
15-30 female Swiss Webster mice (4-5 weeks old, 20-23 g) were used per test sample.
Mice were treated by gavage via a popper needle with 100 pl containing 3.0 pg of L-PTC/A
(Metabiologics) in phosphate gelatin buffer (10 mM phosphate buffer pH 6.2 and 2%
gelatin), with or without 250 or 500 mM of LAU and IPTG, respectively. Mice were
monitored for botulism symptoms for up to 14 days post-intoxication. Median survival and
p-values were determined with the GraphPad Prism 6 program (San Diego, CA). Animal
studies were performed according to approved animal use protocols by the Animal Use and
Care Committee of the USDA.

Influence of LAU and IPTG on neurotoxicity

Results

The influence of IPTG and LAU on the neurotoxicity of isolated, recombinant wild-type
BoNT/A was determined using the mouse phrenic nerve (MPN) hemidiaphragm assay. The
free BoNT/A (1.6 pM) was pre-incubated for 15 min at 37°C in 4 ml Kreb-Ringer media
without or with 50 mM IPTG and LAU, respectively, and then applied to the organ bath
containing the hemidiaphragm tissue. The MPN hemidiaphragm assay was performed as
described previously (Rummel et al., 2004). The phrenic nerve was continuously stimulated
at 5-25 mA with a frequency of 1 Hz and a pulse duration of 0.1 ms. Isometric contractions
were transformed using a force transducer and recorded with VitroDat Online software (FMI
GmbH, Seeheim, Germany). The time required to decrease the amplitude to 50% of the
starting value (paralytic half-time) was determined.

Lactulose binds to the HA complex

A comprehensive glycan array study suggested that HA33 has a strong preference for
carbohydrates bearing a terminal Gal (Yao et al., 2014). It has been shown that Gal and
lactose (Lac) could protect Caco-2 cell monolayers from being damaged by the HA
complex, likely by competing with the endogenous carbohydrate receptors on the cell
surface. However, they were not able to protect mice in an oral intoxication model (Lee et
al., 2013). In contrast, the non-metabolizable Gal analog IPTG could significantly extend the
median survival time of mice (Lee et al., 2013). These findings suggest that non-digestible
Gal-containing carbohydrates could be more desirable to function in the gut. In an effort to
further explore the potential carbohydrate receptor mimics, we have identified LAU as a
promising candidate. LAU is a synthetic disaccharide that is non-digestible in the small
intestine but can be degraded by colon bacterial fluora into e.g. lactate. LAU is safe for
human consumption (oral LD50 in rat: 18.2 g/kg) and is commonly used as an osmotic
laxative to treat chronic constipation and commonly used as food additive (Wesselius-De
Casparis et al., 1968). Based on a thermodynamic analysis using isothermal titration
calorimetry, we found that LAU bound to HA33 with a dissociation constant (Kq) of ~1.4
mM with 1:1 stoichiometry (Figure 1). The binding affinity is comparable to that of Gal (1.8
mM), N-acetyllactosamine (LacNAc) (1.0 mM), Lac (1.0 mM), and IPTG (0.8 mM) as
reported previously (Lee et al., 2013).
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Structures of LAU- and IPTG-bound HA17-HA33 complex reveal a conserved glycan-
binding mode

The HA complex is composed of a trimeric HA70 in the center, with each HA70 docking
with one HA17 that further binds to two molecules of HA33 (Figure 2A). HA33 is
composed of two B-trefoil domains linked by a short a-helix, and the Gal-binding site is
located at the tip of the C-terminal B-trefoil domain (Figure 2B) (Arndt et al., 2005; Lee et
al., 2013; Lee et al., 2014a). To gain further insight into the molecular details of how HA33
recognizes Gal analogs, we determined the crystal structures of HA17-HA33 in complex
with LAU or IPTG at 2.4 A and 2.2 A resolution, respectively. There is one copy of the
complex composed of HA17 and HA33 in a 1:2 ratio in one asymmetric unit. The structures
of the two HA33 molecules (Chains A and B) are identical. Chain A that displays slightly
better electron densities is used in the following discussion.

The crystal structures reveal that LAU and IPTG bind to HA33 in a manner almost identical
to that of Gal (Figure 2E-G) (Lee et al., 2013). Six HA33 residues make direct contacts with
the Gal moiety of LAU and IPTG, which include hydrogen bonding between Gal with
residues GIn276, Asp263, His281, Asn285, and Gly266. In addition, a crucial stacking
interaction is formed between Phe278 and the hydrophobic side of the Gal hexose ring. On
the other hand, the fructose moiety of LAU and the isopropyl group of IPTG do not directly
bind to HA33, and have relatively weak electron densities (Figure 2C-D). This is consistent
with our glycan array study, which suggests that HA33 does not have strong preference for
additional saccharides other than the terminal Gal (Yao et al., 2014). A water molecule is
observed in the IPTG complex that connects Asp283 and Asn285 of HA33 to O4 of IPTG.
A similar water molecule was observed in the structures of HA33 bound to Lac or LacNAc,
but not in HA33-LAU and HA33-Gal complexes (Figure 2E-G) (Lee et al., 2013).

Lactulose inhibits transport of the HA complex across Caco-2 cell monolayers

The intestinal epithelial cell line Caco-2 has been widely used to characterize the transport
of BoNTs in vitro (Couesnon et al., 2008; Lee et al., 2013; Matsumura et al., 2008;
Sugawara et al., 2014). In a trans-well assay, Caco-2 cells are differentiated on a permeable
poly-carbonate support to form a polarized columnar cell monolayer resembling the small
intestinal epithelial layer with high transepithelial resistance against passive diffusion of ion
and solutes. The HA complex of BoNT/A and BoNT/B could disrupt the integrity of the
Caco-2 monolayer, leading to a marked reduction of transepithelial electrical resistance
(TER) (Lee et al., 2013; Matsumura et al., 2008). We have previously shown that some
carbohydrate receptor mimics could inhibit the HA-mediated reduction of TER by
competing with the endogenous carbohydrate receptors for HA binding (Lee et al., 2013).
Here, we found that pre-incubation of the HA complex with 15 mM of LAU significantly
inhibited the reduction of TER by 67% and 22% when it was applied to the apical or
basolateral side of the monolayer, respectively. The inhibitory effect from the basolateral
compartment was more profound when 50 mM LAU was applied (Figure 3A-B). Therefore
LAU strongly inhibits the HA complex from disrupting Caco-2 monolayers with a higher
potency upon apical addition illustrating the importance of the terminal Gal for initial
absorption. To further verify this finding, we investigated the effect of LAU on the transport
of the fluorescence-labeled HA complex (HA*) across the Caco-2 monolayer (Figure 3C).
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We found that as low as 5 mM LAU efficiently inhibited the transport of HA* from the
apical to the basolateral side and vice versa. Taken together with the previous studies on
IPTG and Lac, we conclude that Gal-containing carbohydrates could efficiently inhibit the
transport of BONT/A complex across the intestinal wall in vitro.

Lactulose could inhibit BoONT/A oral intoxication

We used a mouse lethality model to further compare the inhibition efficacy of LAU and
IPTG on BoNT/A oral toxicity in vivo (Lee et al., 2013). IPTG or LAU at 250 mM or 500
mM was co-administrated with L-PTC/A by oral gavage, and the mouse survival time was
closely monitored (Figure 4). The median survival time (MST) of the control group was ~37
hrs (dead/live, 24/5, n=29). Remarkably, over half of the intoxicated mice survived the
challenge after 14 days with the treatment of LAU at 250 mM (dead/live, 8/12, n=20) or 500
mM (dead/live, 12/18, n=30), or IPTG at 500 mM (dead/live, 3/12, n=15). In comparison,
250 mM IPTG showed no significant protection (dead/live, 11/4, n=15). Therefore the non-
digestible LAU displays a higher potency for protection of mice than IPTG.

As an important control, the neurotoxicity of recombinant BONT/A was determined in the
presence of IPTG and LAU, respectively, employing the mouse phrenic nerve
hemidiaphragm assay. 50 mM of IPTG or LAU alone did not cause any sign of paralysis of
the hemidiaphragm during the acquisition period of >100 min. 1.6 pM of BoNTA caused
50% paralysis within 67.0 + 4.2 min. Pre-incubation of 1.6 pM BoNT/A with 50 mM IPTG
or 50 mM LAU resulted in paralytic half-times of 68.4 + 10.7 min (SD, n=5) and 69.2 +
4.1 min (SD, n = 5), respectively. Hence, IPTG and LAU likely do not bind to the
ganglioside-binding site on the toxin and do not directly influence the neurotoxicity of
BoNT/A itself.

Discussion

There is an urgent need to develop safe and effective countermeasures against BONTSs. The
development of carbohydrate receptor mimics as BONT inhibitors is attractive because of
their low cost and high stability. They are easy to administer, stockpile and transport, and
likely cause limited adverse effects. These inhibitors could confer immediate temporary
protection in case of intentional release of BONT or BoNT-producing bacteria. A proof-of-
principle study showed that administrating IPTG 1 hour before the BoNT/A oral
intoxication was able to extend the survival of intoxicated mice (Lee et al., 2013). In this
study, we have identified LAU as another oral inhibitor for further development. LAU may
offer an additional advantage since it induces diarrhea while constipation is a typical
symptom for botulism patients. This will accelerate clearance of non-absorbed L-PTC from
the gut as well as of its producer C. botulinumin case of infant botulism.

The multiple glycan-binding sites on the HA complex provide a “Velcro effect” that greatly
enhance the binding avidity to glycan on the intestinal surface (Zopf and Roth, 1996). This
may be a major reason why simple carbohydrates like IPTG and LAU only showed weak
inhibition towards oral BoNT/A intoxication on mice. Therefore, it would be more desirable
to develop multivalent carbohydrate inhibitors that simultaneously target multiple receptor-
binding sites on the HA complex (Barthelson et al., 1998; Bernardi et al., 2013; Thomas,
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2010). In fact, decavalent ligands against cholera toxin lead to a 106-fold increase in
potency compared with monovalent Gal (Zhang et al., 2002). Although these carbohydrate
receptor mimicking inhibitors do prevent but may not cure botulism, they could be used as a
secondary treatment for the clearance of toxins remaining in the intestine, or to prevent
further intoxication in the cases of intestinal colonization with bacterial spores in intestinal
botulism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Crystal structures of the HA17-HA33 complex bound to lactulose or IPTG were
resolved at 2.4 A and 2.2 A, respectively.

Lactulose competes with host carbohydrate receptors for HA binding.

Lactulose interferes with the transport of the HA complex across Caco-2 cell
monolayer in vitro.

Lactulose has a higher potency than IPTG against BoNT/A oral intoxication in
mice.
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Figure 1. Isothermal titration calorimetry characterization of LAU-HA33 interaction
The experiment was triplicated and a representative titration curve is shown. The

thermodynamics parameters are reported as mean + standard deviation.
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HA33

Figure 2. Crystal structures of the HA17-HA33-LAU and HA17-HA33-IPTG complexes indicate
a conserved glycan-binding mode

(A) The structure of the HA complex. HA70, HA17, and HA33 are colored wheat, yellow,
and pink, respectively. (B) The structure of the HA17-HA33-LAU complex where LAU is
drawn as orange spheres. (C-D) The Fo-Fc omit maps (contoured at 3.0 o) around the bound
LAU (orange stick) and IPTG (cyan stick); the ligands were omitted from map calculation.
(E-G) Close-up views of the glycan-binding site on HA33. Key residues that mediate the
HAZ33 interaction with Gal (purple), LAU (orange), or IPTG (cyan) are shown as sticks. A
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water molecule found in the IPTG complex is drawn as a red sphere. The HA17-HA33-Gal
complex is included here for comparison (PDB code: 4L01) (Lee et al., 2013).
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Figure 3. LAU inhibits the HA-mediated reduction of TER of human intestinal Caco-2 cell

monolayers

Caco-2 cells were grown on transwell filter membranes into confluent polarized monolayer.
(A-B) TER of Caco-2 monolayers was measured when Alexa-488-labeled HA complex
(HA*) pre-incubated with LAU was applied to the apical (A; 58 nM of HA*) or basolateral
(B; 17 nM of HA*) chamber. Values are means + SD (n = 4-12). (C) HA* with various
concentrations of LAU was applied to the apical (at 58 nM) or basolateral (at 17 nM)
chamber. The fluorescence signals in both chambers were quantified after 24 hours and the
amount of transported HA* was expressed as a percentage of the total HA* used.
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Figure 4. LAU protects mice against BONT/A oral intoxication
Survival comparisons of mice treated orally with L-PTC/A in the absence (PG: phosphate

gelatin) or presence of 250 and 500 mM of LAU and IPTG, respectively. We have reviewed
and agreed the policies on Ethics in publishing and Ethical guidelines for journal publication
listed on Toxicon website.
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Data collection and refinement statistics

Table 1

HA17-HA33-LAU

HA17-HA33-IPTG

Data collection

Space group

Cell dimensions

a b c(A)

a By ()

Resolution range (A)

Measured reflections

Unique reflections

Completeness (%)

Rierge

a(l)

Structure refinement

Resolution (A)

No. reflections

Ruyork/Riree (%)

Restraints (RMS observed)
Bond length (A)
Bond angle (°)

Average isotropic B-value (A?)

Number of atoms
Protein
Ligand
Water

c222;

107.0, 118.7, 161.8
90, 90, 90
47.8-2.38 (2.51-2.38)2
135,855
41,291

99.4 (99.6)2
4.4 (39)4

145 (2.5)2

47.8-2.38
39,205
20.3/23.8

0.009
1.253
63.3

5,820
46
121

c222,

105.9, 118.9, 162.2
90, 90, 90
47.95-2.18 (2.30-2.18)2
177,668
53,512

99.6 (93.2)2
4.2(41)@

15.1 (2.6)2

47.95-2.18
50,625
22.7/23.8

0.008
1.145
54.0

5,844
30
1

a\/alues for the highest resolution shells.

Toxicon. Author manuscript; available in PMC 2016 December 01.

Page 17





