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Abstract

Botulinum neurotoxins (BoNTSs) are produced as progenitor toxin complexes (PTCs) by
Clostridium botulinum. The PTCs are composed of BoNT and non-toxic neurotoxin-associated
proteins (NAPs), which serve to protect and deliver BONT through the gastrointestinal tract in
food borne botulism. HA33 is a key NAP component that specifically recognizes host
carbohydrates and helps enrich PTC on the intestinal lumen preceding its transport across the
epithelial barriers. Here, we report the crystal structure of HA33 of type B PTC (HA33/B) in
complex with lactose at 1.46 A resolution. The structural comparisons among HA33 of serotypes
A-D reveal two different HA33—glycan interaction modes. The glycan-binding pockets on
HA33/A and B are more suitable to recognize galactose-containing glycans in comparison to the
equivalent sites on HA33/C and D. On the contrary, HA33/C and D could potentially recognize
Neu5Ac as an independent receptor, whereas HA33/A and B do not. These findings indicate that
the different oral toxicity and host susceptibility observed among different BoNT serotypes could
be partly determined by the serotype-specific interaction between HA33 and host carbohydrate
receptors. Furthermore, we have identified a key structural water molecule that mediates the
HA33/B-lactose interactions. It provides the structural basis for development of new receptor-
mimicking compounds, which have enhanced binding affinity with HA33 through their water-
displacing moiety.
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1. Introduction

Botulinum neurotoxins (BoNTSs) are highly potent bacterial toxins, which are classified as
the Tier 1 select agents by the Centers for Disease Control and Prevention (CDC). Eight
serotypes of BONTs have been identified that are designated as BONT/A-H [1,2]. BoNTs
attack motoneurons at neuromuscular junctions (NMJs) and cleave the soluble N-
ethylmaleimide sensitive factor attachment protein receptors (SNAREs) complex, which
subsequently inhibits the release of acetylcholine neurotransmitter and paralyzes the affected
muscles [3-5]. This is the common mechanism underlying the life-threatening disease
botulism in human and other animals.

It is well known that the acidic environment, the abundant digestive proteases, and the
tightly sealed intestinal epithelial cell layers in the gastrointestinal (Gl) tracts act as major
barriers against effective oral delivery of therapeutic proteins or peptides. Therefore, it is
remarkable that BONT, a ~150 kDa protein, is able to survive the harsh environment of the
Gl tract and gain access to the general circulation in food borne botulism. It is believed that
BoNTSs manage to do so in the form of progenitor toxin complex (PTC), although the
underlying molecular mechanism is still largely unknown [6]. This notion is strongly
supported by the fact that the oral toxicity of PTCs of different BONT serotypes is ~360—
16,000-fold more potent than that of the free BONT [7-10]. The PTC is a large multi-protein
complex, which is composed of a BONT molecule and several auxiliary proteins termed
neurotoxin-associated proteins (NAPs). BONT/A-D and G are produced in bacteria together
with four NAPs, which include non-toxic nonhemagglutinin (NTNHA) protein and three
hemagglutinins (HAs: HA33, HA17 and HA70, also known as HA1, HA2 and HA3,
respectively) [6]. In contrast, BONT/E and F do not have the ha genes. Instead, they contain
genes of orfX1/X2/X3, whose expression and function are still unknown [1,11].

The structure of the PTC of serotype A consists of two relatively independent modules.
NTNHA assembles with BoNT/A to form a ~290 kDa minimally functional PTC (M-PTC)
that protects BoNT/A against the low pH condition and proteases present in the Gl tract
[12,13]. The HA proteins form a ~470 kDa 12-subunit complex (termed the HA complex)
with HA70, HA17, and HA33 in a 3:3:6 stoichiometry [14,15]. The M-PTC and the HA
complex together form the large PTC (L-PTC) that displays the most potent oral toxicity.
The HA complex exhibits multiple carbohydrate-binding sites located on HA70 and HA33,
which could help the L-PTC bind to glycans on the intestinal epithelial cell surface. In this
regard, the HA complex may facilitate PTC absorption and enhance its oral toxicity [7—
9,16], even though BoNT alone may be able to penetrate the GI barrier by transcytosis [17—
19].

The HA33-glycan interaction is particularly important for the function of the HA complex,
because each HA complex contains six molecules of HA33 to allow multivalent binding.
Disrupting glycan binding to HA33 abolished the transport of the HA complex across
epithelial cell layers [14]. Furthermore, the earlier structural studies on HA33/A, C and D
have revealed serotype-specific HA33- glycan interactions [14,20,21], and raised the
possibility that the HA33—glycan binding specificity may partly contribute to the host
tropism of various BoNT serotypes. For example, BONT/A and B are the major cause of
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human botulism, while BoNT/C and D predominantly cause botulism in cattle, poultry, and
wild birds. Here we report a 1.46 A resolution crystal structure of HA33/B in complex with
a receptor-mimicking lactose. Together with the crystal structure of the apo form of HA33/B
at 3.5 A resolution reported recently [15], our structure completes the gallery of HA33 of
serotypes A-D and provides a unique opportunity to investigate the serotype-specific HA33-
mediated pathogen—host interactions.

2. Materials and methods

2.1. Construct design and cloning

The gene encoding full length HA33/B (residues E2-P294; Genbank ID YP_001693310.1)
from Clostridium botulinum Okra producing BoNT/B1 was cloned into expression vector
pQE30. This construct carries five point mutations (T6V, 1288K, T290N, M291l, and
S292R) as cloning artifacts. The gene encoding full length HA33/C (residues S2-1286;
Genbank ID YP_398514.1) from C. botulinum phage Stockholm producing BoNT/C1 was
cloned into expression vector pQE30. To facilitate protein purification, a 6 xHis tag was
introduced to the N-terminus of HA33/B and C followed by a thrombin cleavage site and a
Strep tag was added to the C-terminus of HA33/B and C.

2.2. Protein expression and purification

HA33/B and C were expressed in the Escherichia coli strain BL21-RIL (DE3) (Novagen).
Protein expression was induced with 1 mM isopropyl-p-D-thiogalactopyranoside (IPTG)
when ODgqq of the bacterial culture had reached 0.8, and continued at 18 °C overnight.
HA33/B and C were purified by Ni-NTA (nitrilotriacetic acid, Qiagen) affinity column in a
buffer containing 50 mM Tris (pH 8.0) and 400 mM NacCl, and subsequently eluted in the
same buffer containing 300 mM imidazole. The eluted fractions were dialyzed at 4 °C
overnight against a buffer composed of 20 mM Tris (pH 8.0) and 50 mM NaCl. After His-
tag was removed by thrombin protease, HA33/B and C were further purified by MonoQ ion-
exchange chromatography in the buffer of 20 mM Tris (pH 8.0) and eluted with a NaCl
gradient, followed by Superdex 200 size-exclusion chromatography in 20 mM Tris (pH 8.0)
and 50 mM NaCl. The protein was concentrated to ~6 mg/ml using Amicon Ultra
centrifugal filter (Millipore) for crystallization.

2.3. Isothermal titration calorimetry (ITC)

The calorimetry titration experiments were performed on an 1TC200 calorimeter (GE Life
Sciences). HA33/B or HA33/C (200 uM) was used as the titrand in the cell, while lactose
was used at 40 mM and 100 mM for HA33/B and HA33/C, respectively, as the titrant in the
syringe. The titrations were performed at pH 8 (20 mM Tris, pH 8.0, 100 mM NacCl) or pH 5
(20 mM Sodium citrate, pH 5.0, 100 mM NaCl). The data were analyzed using the Origin
software package.

2.4. Crystallization, data collection, and structure determination

Initial crystallization screens were performed using a phoenix crystallization robot (Art
Robbins Instruments) and commercial high-throughput screening kits. Manual optimization
was performed at 18 °C using the hanging-drop vapor diffusion method with a 1:1 (v/v)
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ratio of protein and reservoir. The best crystals of the HA33/B-lactose complex were
obtained using 0.1 M Hepes (pH 7.0), 5% MPD, 5% (w/v) PEG [poly(ethylene glycol)] 6k,
and 20 mM lactose.

The crystals were cryo-protected in the original mother liquor supplemented with 20% (v/v)
glycerol and flash-frozen in liquid nitrogen. X-ray diffraction data were collected at the
Advanced Photon Source (APS). The data were processed with HKL2000 [22]. Data
collection statistics are summarized in Table 1. The structure of the HA33/B-lactose
complex was determined by molecular replacement software Phaser [23] using HA33/A
(PDB: 4L02) [14] as the search model. The model building and refinements were performed
in COOT [24] and PHENIX [25]. Lactose was modeled into the corresponding structure
during the refinement based on the Fg—F; electron density maps. The refinement progress
was monitored with the free R value using a 5% randomly selected test set [26]. MolProbity
web server was used for structure validation [27]. Structural refinement statistics are listed
in Table 1. The coordinate and diffraction data have been deposited in the Protein Data Bank
under accession code 40UJ. The conformational change of HA33 was measured by
DynDom [28]. All structure figures were prepared with PyMol. (http://www.pymol.org).

3. Results and discussion

The complex of HA33/B and lactose was obtained by co-crystallization of HA33/B in the
presence of 20 mM lactose, and the structure was determined by molecular replacement
using the structure of HA33/A as the model [14] before the structure of apo HA33/B is
available. HA33/B is composed of two p-trefoil domains linked by a short a-helix (residues
Tyrl47-Phel52) (Fig. 1A). The overall structure of each HA33 domain is highly conserved
among HA33/ A-D. The root-mean-square deviation (RMSD) is ~0.53-1.08 A and ~1.14—
1.22 A for the N- and C-terminal domains, respectively, in pair-wise structure
superimposition among the four HA33 sero-types. However, we observed a different
rotation via the a-helix linker between the N- and C-terminal b-trefoil domains of HA33/ B
in comparison to other HA33 serotypes (Fig. 1). Using the structure of HA33/A as a
reference, the two domains of HA33/B show an inter-domain twist of ~20°. In contrast,
HA33/D shows an inter-domain twist of ~65° when compared with HA33/A, whereas
HA33/C and D are highly similar [14]. The two independently solved structures of HA33/B,
in complex with lactose or in the apo form [15], are almost identical, even though they are
from crystals adopting completely different packing lattices. Therefore, the structure of
HA33/B observed here is likely a faithful mimic of its physiological conformation. Taken
together, we have observed two major conformations of HA33, which are represented by
HA33/A-B and HA33/C-D, respectively. The potential functional role of the serotype-
specific HA33 conformation awaits clarification in future studies.

We next analyzed the HA33/B-lactose interactions. There are two commonly used strategies
to pursue a protein—ligand complex, crystal soaking and co-crystallization. Crystal soaking
starts with pre-formed protein crystals in the absence of ligand. Ligand is then added during
the soaking procedure, which diffuses into the crystal and binds to the protein. In contrast,
the ligand always binds to the protein during co-crystallization, thus the protein-ligand
interaction is less likely to be biased by crystal packing. Here, we obtained the HA33/B—
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lactose complex by co-crystallization, complementing the previous structures of glycan-
bound HA33/A or C obtained by crystal soaking [14,20,21]. We found that one lactose
molecule binds at the glycan-binding site on HA33/B, and the binding mode is almost
identical to that observed in the HA33/A-lactose complex [14]. The interactions are
mediated by the galactose (Gal) moiety through seven pairs of hydrogen bonds as well as a
crucial stacking interaction between Phe279 and the hexose ring of Gal (Fig. 2A). In
contrast, the glucose (Glc) moiety is pointing away from HA33/B and not directly involved
in protein interaction. This finding is consistent with the result of a recent glycan array
study, which suggests that HA33/A does not have strict preference for saccharides other
than the terminal Gal [29].

It is worth noting that our high-resolution structure allows identification of a well-defined
water molecule in the glycan-binding pocket, which is absent in the structure of apo HA33/B
(Fig. 2). This water molecule contributes four pairs of hydrogen bonds, bridging O2 and O3
atoms of Gal and residues Asn282 and Asn286 of HA33/B. No such water molecule was
observed in the HA33/A-lactose complex [14], probably because the water-binding residue
Asn282 of HA33/B is replaced by residue His281 of HA33/A (Fig. 3). One strategy in small
molecule lead optimization is to structurally modify lead compounds that display ordered
water molecules in a protein-binding site to gain improved binding affinity [30,31].
Therefore, new carbohydrate-mimicking compounds with higher binding affinity to HA33/B
could be designed by incorporating the equivalent of this key structural water molecule into
the new compounds.

We next compared the structures of HA33/B in the apo and the complex forms and found
that the lactose-binding site is largely pre-formed except for residue Asn282. Residue
Asn282 adopts a large side-chain reorientation upon lactose binding and forms a hydrogen
bond with O3 atom of Gal (Fig. 2A and B). Interestingly, Asn282 is the only Gal-interacting
residue that is different between HA33/A and B, while HA33/A has a histidine residue
(His281) at the equivalent position (Fig. 3). The pK, (K is the acid dissociation constant) of
His281 of HA33/A is ~6.22 calculated based on its crystal structure [32]. Protonation of
histidine has been reported to be involved in low pH-sensing in many proteins, such as
KcsA potassium channel, pH-gated urea channel, sensor histidine kinase of Salmonella
enterica, and viral membrane fusion proteins [33-36]. Therefore, we performed isothermal
titration calorimetry (ITC) experiments at pH 8.0 and 5.0 to further examine the pH effect on
HA33-lactose interactions (Fig. 4). HA33/B binds lactose with dissociation constant (Kq) of
~1.4 mM and ~1.6 mM at pH 8.0 and 5.0, respectively. In contrast, HA33/A binds to lactose
with a ~ 3.7-fold lower affinity at pH 5.0 (~3.5 mM) than that at pH8.0 (~0.95 mM) [14].
Therefore, protonation of His281 of HA33/A in the acidic Gl tract could weaken its
interaction with the carbohydrate receptors, which may lead to decreased efficiency of
intestinal binding and absorption of the L-PTC. Such difference between HA33/A and B
could partly contribute to the observation that L-PTC/B is ~90-fold more lethal than L-
PTC/A in a mouse oral intoxication model [37], although these two PTCs have similar
overall architectures [14,15].

HAZ33/C and D show very different glycan-binding features in comparison to HA33/A and
B. Although the Gal-binding pockets are similarly configured among the four different
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HAZ33 serotypes, HA33/C binds lactose with ~7-fold lower affinity than that of HA33/B
(Fig. 4). Structural analyses reveal two possible reasons for this difference. First, residue
Phe278HA33/A/phe279HA33/B \which provides an important packing interaction with the
hexose ring of Gal, is replaced by residue Asp271HA33/C/asp271HA33D Second,
Gly267HA33/B and Gly266HA33/A which is located very close to the Glc moiety of lactose,
is replaced by Asn259HA33/C and Asn259-HA33/D (Fig. 3). As a result, the side chain of
Asn259 of HA33/C and D has to take a large reorientation to avoid clashing with Glc.
Besides Gal binding, HA33/C is reported to bind Neu5Ac in an adjacent pocket [20].
HA33/A and B do not bind Neu5Ac because they do not have the essential Neu5Ac-binding
residues corresponding to Trp176 and Arg183 of HA33/C.

In summary, our results are a step towards further understanding of the host susceptibility of
various BoNT serotypes, and have implications for the development of receptor-mimicking
compounds, which could potentially inhibit BONT oral intoxication upon pre-treatment.
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Q, D144/D146/N141

C-terminal
domain

HA33/A HA33/B HA33/D

Fig. 1.
HAZ33 of different serotypes adopt two major conformations. (A) The structures of HA33/B

(this study, salmon), HA33/A (PDB: 4L02, gray) [14], and HA33/D (PDB: 2E4M, green)
[38] are superimposed based on Ca atoms in their N-terminal domains. (B) The equivalent
residue D144HA33/A D146HAS/B and N141HA33/D which is located in the linker
connecting the two HA33 domains, is used as the origin for analysis. A key Gal-binding
residue D263HA33/A D264HA33/B and D256HA33/D were used to quantify the inter-domain
rotation of HA33. The corresponding Ca atoms are shown as spheres. (C) A cartoon
showing the different inter-domain rotation of HA33/A (gray), HA33/B (salmon), and
HA33/D (green). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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HA33/B Apo HA33/B Complex

Fig. 2.
HAZ33/B specifically binds lactose. (A) The structures of the apo HA33/B (PDB: 3WIN,

green) [15] and the HA33/B-lactose complex (this study, salmon) were superimposed based
on Ca atoms in the C-terminal domain. The lactose-binding residues in the HA33/B-lactose
complex are shown as sticks. The apo conformation of residue N282 is also shown for
comparison. A structural water molecule in the binding pocket is shown as sphere.
Hydrogen bonds are shown as dashed lines. (B) A sigma-A weighted 2Fy—F electron
density map (contoured at 1.0 o) was shown for lactose-binding residues of HA33/B (light
blue) and lactose (green). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 3.

Structure-based sequence alignment of HA33 serotype A-D. The structure of HA33/B in the
current work, HA33/A (PDB: 4L02) [14], HA33/C (PDB: 3AJ5) [21], and HA33/D (PDB:
2E4AM) [38] are used for analysis using PROMALS3D [39] and ESPript [40]. Identical
residues are indicated with white letters on a red background, similarly conserved residues
are in red letters, varied residues are in black letters, and dots represent gaps. The secondary
structure of HA33/B studied in this work is shown on the top, and the lactose-binding
residues are indicated by red ovals. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4.

K,=3.50 £ 1.47 mM
AH =-7.2 + 0.2 kcal/mol
AS =-12.9 £ 1.5 cal/mol/K

K,=9.59 + 1.78 mM
AH =-5.1 £ 0.2 kcal/mol
AS =-7.9 + 0.9 cal/mol/K

Thermodynamic studies of HA33-lactose interactions by isothermal titration calorimetry.

The representative titration curves are shown for (A) HA33/B at pH 8.0, (B) HA33/B at pH
5.0, (C) HA33/A at pH 5.0, and (D) HA33/C at pH 8.0. The thermodynamic values reported
are the average of three independent experiments (means = SD).
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Data collection and refinement statistics.

HA33/B-lactose

Data collection
Space group
Cell dimensions
a b, c(A)
a,p,y(°)

Resolution range (A)

Measured reflections
Unique reflections

Completeness (%)

R merge

l/o(l)

Structure refinement
Resolution (A)

No. reflections

Ruork/Riree (%)

Restraints (RMS observed)
Bond length (A)

Bond angle (°)

Average isotropic B-value (A2?)
Number of atoms

Protein

Ligand

Water

P12, 1

83.8,36.9, 114.6
90, 102.1, 90

37-1.46 (1.54-1.46)2
374,338
118,971
99.0 (97.1)2

0.04 (0.413)2

159 (2.3)2

19.80-1.46
118,909
16.3/18.1

0.009
1.209
20.8

9001
46
635

a\/alues for the highest resolution shell.
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