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a b s t r a c t

Large-sized botulinum toxin complex (L-TC) is formed by conjugation of neurotoxin, nontoxic nonhemag-
glutinin and hemagglutinin (HA) complex. The HA complex is formed by association of three HA-70 mol-
ecules and three HA-33/HA-17 trimers, comprised of a single HA-17 and two HA-33 proteins. The HA-33/
HA-17 trimer isolated from serotype D L-TC has the ability to bind to and penetrate through the intestinal
epithelial cell monolayer in a sialic acid-dependent manner, and thus it plays an important role in toxin
delivery through the intestinal cell wall. In this study, we determined the solution structure of the HA-33/
HA-17 trimer by using small-angle X-ray scattering (SAXS). The SAXS image of HA-33/HA-17 exhibited
broadly similar appearance to the crystal image of the complex. On the other hand, in the presence of
N-acetylneuraminic acid, glucose and galactose, the solution structure of the HA-33/HA-17 trimer was
drastically altered compared to the structure in the absence of the sugars. Sugar-induced structural
change of the HA-33/HA-17 trimer may contribute to cell binding and subsequent transport across the
intestinal cell layer.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Botulinum toxin complex (TC), which is produced by the anaer-
obic gram-positive bacterium Clostridium botulinum, is the causa-
tive agent of food-borne botulism. The TC is composed of the
botulinum neurotoxin (BoNT; 150 kDa) and auxiliary nontoxic pro-
teins. C. botulinum is classified into seven serotypes, A–G, based on
the antigenicity of the BoNT. Human botulism is caused predomi-
nantly by serotypes A, B, E and F, while animal and avian botulism
is due to the serotypes C and D [7,10]. Orally ingested TC passes
through the digestive tract and enters the blood stream via the
intestinal wall. Once in the blood stream BoNT dissociates from
the TC then reaches and penetrates into the nerve cells of the neu-
romuscular junction, where it cleaves a specific site on the protein
involved in neurotransmitter release resulting in paralysis of the
muscle.

The auxiliary nontoxic proteins of the TC include nontoxic non-
hemagglutinin (NTNHA; 130 kDa) and three types of hemaggluti-
nin (HA) components with molecular masses of 70, 33 and
17 kDa (HA-70, HA-33 and HA-17, respectively). The TC assembly
includes association of a single BoNT and a single NTNHA to form
M-TC, which is amazingly stable in the acidic and proteolytic con-
ditions of the digestive tract [9]. Further binding of three HA-70
proteins onto the M-TC yields M-TC/HA-70. Finally, attachment
of three HA-33/HA-17 trimers, each of which are comprised of a
single HA-17 and two HA-33 proteins, to M-TC/HA-70 via binding
of HA-70 and HA-17 results in forming the 14-mer mature L-TC
(see Fig. 1A). In addition, there are intermediate L-TC species hav-
ing fewer HA-33/HA-17 trimers in the culture supernatant of C.
botulinum [11].

Generally, the physical barrier presented by the intestinal wall
prevents the entrance of macromolecules such as proteins into
the body. All the TCs, however, produced by the serotype D C. bot-
ulinum strain 4947 (D-4947), including pure BoNT, M-TC, M-TC/
HA-70 and L-TC, can be transported across a rat intestinal epithe-
lial cell (IEC-6) monolayer [4]. Additionally, transport of the toxins
is enhanced depending on the number of HA-33/HA-17 trimers.
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Similar to the TC species, the HA-33/HA-17 trimer isolated from
the D-4947 L-TC can also be transported across the IEC-6 cell layer
[14]. Therefore, the HA-33/HA-17 complex plays an important role
in the effective transport of toxin across the intestinal wall. The
transport of the L-TC and HA-33/HA-17 trimer across the intestinal
epithelial cells was inhibited by the presence of the sialic acid, and
thus it appears to be mediated by a sialic acid-dependent receptor
on the cell surface. In this study, we determined the solution struc-
ture of the HA-33/HA-17 trimer in the absence and presence of the
sugars N-acetylneuraminic acid (Neu5Ac), glucose and galactose,
based on small-angle X-ray scattering (SAXS) analysis. The results
indicate that sugars induce a conformational change of the HA-33/
HA-17 trimer. Sugar-induced conformational change has also been
observed in other carbohydrate-binding proteins [1,13].

2. Materials and methods

2.1. Production and purification of botulinum TC

C. botulinum serotype D strain 4947 (D-4947) was cultured
using a dialysis method as described previously [8]. The TC in the
culture supernatant was precipitated with 60% saturation of
ammonium sulfate. The resultant precipitate was dissolved and
dialyzed against 50 mM acetate buffer, pH 4.0, containing 0.2 M
NaCl and applied to a TOYOPEARL SP-650S (Tosoh, Tokyo, Japan)
cation-exchange column (1.6 � 40 cm) equilibrated with dialysis
buffer. Bound protein was eluted with a linear gradient of NaCl
(0.2–0.8 M). The peak fraction containing the L-TC, judged by
SDS- and native-PAGE, was collected, concentrated and further
purified with a HiLoad 16/60 Superdex 200 pg (GE Healthcare, Lit-
tle Chalfont, UK) equilibrated with 50 mM acetate buffer (pH 5.0)
containing 0.15 M NaCl. The peak fraction containing the L-TC
was precipitated with 80% saturation of ammonium sulfate.

2.2. Isolation of the HA-33/HA-17 trimer from the L-TC

Isolation of the HA-33/HA-17 trimer from the L-TC was per-
formed as previously reported [5]. The concentrated L-TC, in a
250-mg precipitate pellet, was dissolved in 0.7 ml of 20 mM
Tris–HCl (pH 7.8) containing 4 M guanidine hydrochloride (Gdn
buffer) and incubated at 21 �C for 4 h. Treated sample was applied
to a HiLoad Superdex 200 pg 16/60 gel-filtration column equili-
brated with the Gdn buffer. The fraction containing HA-33/HA-17
trimer was collected, diluted to 0.1 absorbance at 280 nm with
Gdn buffer, and then dialyzed against 20 mM Tris–HCl, pH 7.8, at
4 �C for 15 h to remove the guanidine hydrochloride.

2.3. PAGE analysis

SDS–PAGE was performed as described by Laemmli [6] using a
13.6% polyacrylamide gel in the presence of 2-mercaptoethanol.
Native PAGE was carried out using the method of Davis et al. at
pH 8.8 using a 5–12.5% polyacrylamide linear gradient gel. The
separated peptides were stained with Coomassie Brilliant Blue R-
250.

2.4. Small-angle X-ray scattering analysis

Small-angle X-ray scattering (SAXS) measurements of the HA-
33/HA-17 trimer in 20 mM Tris–HCl, pH 7.8 were performed on a
Rigaku BioSAXS-1000 using 10–20 ll of protein solution. A total
of eight datasets were collected after 120 min exposure (15 min
per data set). Raw data were analyzed using the SAXSLab software
package (Rigaku, Tokyo, Japan). SAXS curves were generated after
subtracting the scattering due to the solvent in the protein solu-
tion, using the program PRIMUS from the ATSAS package.
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Fig. 1. Assembly pathway of the botulinum toxin complex (TC) and characterization of the HA-33/HA-17 trimer used in this study. (A) Assembly pathway of the botulinum
TC. Binding of BoNT and NTNHA yields M-TC. Attachment of three HA-70 components to the M-TC forms M-TC/HA-70, finally three HA-33/HA-17 trimers consisting of a
single HA-17 and two HA-33 proteins are conjugated to the M-TC/HA-70, resulting in the mature L-TC. (B) SDS–PAGE banding pattern of purified HA-33/HA-17 trimer. After
purification from L-TC, HA-33/HA-17 trimer was analyzed by SDS–PAGE using a 15% polyacrylamide gel. The proteins in the gel were stained with Coomassie Brilliant Blue.
The molecular masses of the protein standards (lane 1) are labeled on the left in kDa. The HA-33/HA-17 complex (lane 2) displayed two bands with molecular masses of 33
and 17 kDa. (C) Surface representation of the D-4947 HA-33/HA-17 trimer revealed in a previous study [2]. The HA-33 and HA-17 molecules are indicated in blue and light
blue, respectively. The left image is rotated 90� clockwise around the y-axis compared to the right image. (For interpretation of the reference to color in this figure legend, the
reader is referred to the web version of this article.)
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