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In cell culture supernatants, the botulinum neurotoxin (BoNT) exists as part of a toxin complex (TC) in
which nontoxic nonhemagglutinin (NTNHA) and/or hemagglutinins (HAs) are assembled onto the BoNT.
A series of investigations indicated that formation of the TC is vital for delivery of the toxin to nerve cells
through the digestive tract. In the assembly process, BONT binds to NTNHA yielding M-TC, and it then
matures into L-TC by further association with the HAs via NTNHA in the M-TC. Here, we report a crystal
structure of the NTNHA from Clostridium botulinum serotype D strain 4947. Additionally, we performed
small-angle X-ray scattering (SAXS) analysis of the NTNHA and the M-TC to elucidate the solution struc-
ture. The crystal structure of D-4947 NTNHA revealed that BoNT and NTNHA share a closely related struc-
ture consisting of three domains. The SAXS image indicated that, even though the N-terminal two-thirds
of the NTNHA molecule had an apparently similar conformation in both the crystal and solution struc-
tures, the C-terminal third of the molecule showed a more extended structure in the SAXS image than
that seen in the crystallographic image. The discrepancy between the crystal and solution structures
implies a high flexibility of the C-terminal third domain of NTNHA, which is involved in binding to BoNT.
Structural dynamics of the NTNHA molecule revealed by SAXS may explain its binding to BoNT to form
the BONT/NTNHA complex.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Botulinum neurotoxin (BoNT; 150 kDa), produced in seven dis-
tinct serotypes (A-G) by an anaerobic gram-positive bacterium
Clostridium botulinum, is the most potent toxin in nature. BoNT en-
ters humans and animals via one of three pathways: toxin produc-
tion by colonized bacterium in the gastrointestinal tract of the
infant, entrance of the toxin through a wound, and oral ingestion
of the toxin with polluted foods. Among these, the latter pathway,
namely food-borne botulism, is the most frequent. In any case,
BoNT eventually enters neuronal cells at neuromuscular junctions,
where it cleaves a specific protein involved in neurotransmitter re-
lease, causing paralysis of the muscle.

Pure BoNT is highly susceptible to proteolysis, and it easily de-
grades into inactive small fragments in the digestive environment

* Corresponding author. Fax: +81 152 48 2940.
E-mail address: t-watana@bioindustry.nodai.ac.jp (T. Watanabe).
! These authors contributed equally to this work.

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.07.077

[1]. Thus pure BoNT exhibits only weak or no oral toxicity. BONT
can tolerate proteolytic attack by forming a toxin complex (TC)
in which it is conjugated with a 130-kDa nontoxic nonhemaggluti-
nin (NTNHA) and/or three types of hemagglutinins (HAs) with
molecular masses of 70, 33 and 17 kDa (HA-70, HA-33 and HA-
17, respectively). In particular, the association of BoNT with
NTNHA yields an amazingly stable complex against acidic and pro-
teolytic conditions, while free-form BoNT is degraded into small
fragments within a few hours in the presence of pepsin [1]. Addi-
tionally, the HAs, especially HA-33, facilitate its transport effi-
ciency across intestinal epithelial and aortic endothelial cell
layers [2,3].

Some studies have indicated that the TC is constructed from its
constituent molecules in an orderly manner [4-6]. Association of a
single BoNT and a single NTNHA forms a 280-kDa M-TC. Three HA-
70 molecules bind to M-TC via NTNHA yielding the 490-kDa M-TC/
HA-70. Finally, further conjugation of the three HA-33/HA-17 com-
plexes (single HA-17 molecule plus two HA-33 molecules) onto the
M-TC/HA-70 through binding of HA-17 to HA-70 leads to a mature
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750-kDa L-TC represented by a 14-mer model. The NTNHA mole-
cule plays an important role in the assembly pathway that con-
nects BoNT and HAs. Very recently, the X-ray crystallographic
structure of serotype A M-TC was reported [7]. This structure indi-
cated that the NTNHA protein possesses a structure that is quite
similar to BoNT, and that could be divided into three domains sim-
ilar to BoNT. These domains were designated by reference to those
of BoNT, namely nLc, nHcN, and nHcC corresponding to the light
chain (Lc), the N-terminal heavy chain (HcN) and the C-terminal
heavy chain (HcC), respectively. The crystal structure of M-TC indi-
cated that NTNHA and BoNT form a compact interlocked complex.

In the current study, we describe the crystal and solution struc-
tures of NTNHA from C. botulinum serotype D strain 4947 (D-4947)
by X-ray crystallographic and small-angle X-ray scattering (SAXS)
analyses, respectively. The data obtained here indicate a discrep-
ancy between the crystal and solution structures of the C-terminal
part of the NTNHA molecule. This discrepancy may explain the
interlocking of BONT and NTNHA to form a stable M-TC structure.

2. Materials and methods
2.1. Production and purification of M-TC and recombinant NTNHA

Production and purification of D-4947 M-TC was performed
using a method reported previously [8,9]. TC species were purified
from culture supernatants by three consecutive chromatographic
runs, on a TOYOPEARL SP-650S (Tosoh, Tokyo, Japan) cation-ex-
change column, a HiLoad 16/60 Superdex 200 pg (GE Healthcare,
Little Chalfont, UK) gel-filtration column and a Mono S HR 5/5
(GE Healthcare) cation-exchange column. The fractions containing
M-TC, identified by SDS- and native-PAGE banding profiles, were
collected.

Production and purification of the recombinant NTNHA (rNT-
NHA; D-4947) were performed using a method reported previously
[1]. Escherichia coli BL21 cells harboring a pET200/D-TOPO-ntnha
vector, in which the NTNHA gene is ligated downstream of the
6x His-tag coding sequence, were cultured in 20 ml of LB broth
containing 100 pg/ml kanamycin at 37 °C overnight with mild
shaking. The culture was inoculated into 800 ml of fresh LB broth
and cultured at 37 °C until the culture reached mid-log-phase.
The production of INTNHA was induced by IPTG (0.1 mM). After
18 h incubation at 18 °C, cells in the culture were collected and
suspended in 80 ml of 50 mM phosphate buffer (pH 7.4) containing
0.3 M NaCl. The cell suspension was sonicated and centrifuged at
10,000g for 20 min at 4 °C. The supernatant was suspended with
5 ml of 50% Ni-Charged Resin suspension (Bio-Rad, Hercules, CA)
equilibrated with 50 mM phosphate buffer (pH 7.4) containing
0.3 M NaCl. The resin mixture was poured into a glass column
and rinsed with the same buffer. The bound protein was eluted
with equilibration buffer containing 300 mM imidazole. The eluted
fraction containing INTNHA was precipitated with ammonium sul-
fate at 80% saturation. The pellets were dissolved and dialyzed
against 50 mM phosphate buffer (pH 6.0) containing 0.15 M NaCl
and then applied to a Superdex 200 HR 10/30 (GE Healthcare)
gel-filtration column equilibrated with the same buffer. The purity
of the eluted proteins was judged by SDS-PAGE.

2.2. Structural determination and crystallographic refinement of
rNTNHA

X-ray diffraction data of the rINTNHA crystal [10] was integrated
and scaled using the CrystalClear package (Rigaku, Tokyo, Japan).
Subsequent data manipulation was carried out using the CCP4
program package [11]. An initial phase set was calculated by
molecular replacement using MOLREP [12]. The search model for

Table 1
Summary of data collection and refinement statistics for D-4947 NTNHA (PDB code
3VUO).

Data set name NTNHA
X-ray diffraction data

Wavelength (A) 1.5418
Space group P3,21

Unit cell (A) a=147.85 b=147.85 c=229.74
Observations 79904

Unique reflections 25867

Resolutions (A) 31.08-3.90 (4.04-3.90)
Completeness (%) 95.7 (95.7)

1o () 45 (2.3)

Rmerge (%) 17.4 (35.6)

Refinement statistics

Resolution (A) 20.00-3.90

R-factor (%) 30.10

R-free (%) 35.80

Bond length (A) 0.011

Bond angle (°) 1.752

Ramachandran plot (%)

Favored region 87.8

Additionally allowed region 8.7

The numbers in parentheses are given for the highest resolution shells.

? Rmerge = Y_n2 jllnj — < In>|[>_n>_jlInjl, where h represents a unique reflection and j
represents symmetry-equivalent indices. I is the observed intensity and (I) is the
mean value of L.

molecular replacement was the structure of NTNHA in M-TC from
serotype A (PDB code 3VOB), which showed a high sequence iden-
tity (65.9%) to D-4947 NTNHA.

Model building was performed using the program Coot [13],
and model refinement was conducted using the program Refmac5
[14]. Coordinates have been deposited to the Protein Data Bank
with the accession code: 3VUO. Details of data collection and
refinement are summarized in Table 1. Figures were prepared with
the program CCP4 mg [15] and PyMOL (DeLano Scientific).

2.3. Small-angle X-ray scattering analysis

Small-angle X-ray scattering (SAXS) measurements of the M-TC
(5 mg/ml) and the rINTNHA (1 mg/ml) in 50 mM acetate buffer (pH
5.0) were carried out on a Rigaku BioSAXS-1000 using 10-20 pl 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). SAXS curves were
generated after subtracting the scattering due to the solvent in
the protein solution, using the program PRIMUS [16] from the AT-
SAS package [17].

3. Results and Discussion

3.1. X-ray crystallography of the rNTNHA

Crystals of the INTNHA protein were obtained using the hang-
ing-drop vapor diffusion method as described previously [10]. Dif-
fraction data obtained in the report was employed for the
determination of X-ray crystal structure of the INTNHA at 3.9-ang-
strom resolution by molecular replacement using the NTNHA
structure in serotype A M-TC [7]. The final model (Fig. 1) was re-
fined to an R-factor of 30.10% and a free R-factor of 35.80%. The
three-dimensional structure of INTNHA can be divided into three
domains named nLc, nHcN and nHcC, similar to serotype A NTNHA,
as well as all serotypes of the BoNT protein, as reported previously
[7]. Very recently, we demonstrated that these three domains are
closely related to zinc-dependent metalloproteinase-like, BONT
coiled-coil motif and concanavalin A-like domains in the SCOP
database, respectively [18].
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nLc

Fig. 1. Crystal structure of the recombinant NTNHA from D-4947. Three domains, e.g. nLc in yellow, nHcN in light blue and nHcC in red, were designated based on the domain
name of BoNT. (A) Crystal structure of the D-4947 NTNHA represented by a ribbon diagram. The nicking site due to spontaneous cleavage during long-term incubation is
indicated by an arrowhead. (B) Ribbon diagram of the NTNHA crystal structure that is rotated 90° clockwise around the y-axis. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

The model includes 1151 amino acid residues, whereas the
whole NTNHA molecule consists of 1196 amino acid residues.
Missing residues are Gly114-Gly148, Tyr442-Asp448, Pro1127
and Asp1181-Asn1182. These residues are all located in solvent-
exposed regions. The X-ray crystal structure of the serotype A
NTNHA, which is employed as a template for homology modeling,
contains two missing regions. These regions correspond to the for-
mer two missing regions (Gly114-Gly148 and Tyr442-Asp448) in
D-4947 NTNHA. In earlier studies, the NTNHA molecules produced
by native C. botulinum strain D-4947 [9] and transformed E. coli [1]
were found to be spontaneously converted to the nicked form via
excision of several residues at a specific site. The missing region,
Gly114-Gly148, was consistent with the excised region in the
nicked form of NTNHA. The missing residues Tyr442-Asp448 in
D-4947 NTNHA, and the corresponding region in a serotype A mol-
ecule, would be too flexible in the crystal to be detected by X-ray
analysis. The remaining two short missing regions (Pro1127 and
Asp1181-Asn1182) in D-4947 NTNHA might have occurred due
to gaps in the sequence alignment.

The NTNHA molecule shares a similar B-trefoil folding at its C-
terminal (nHcC domain) with the BoNT, HA-33 and HA-17 mole-
cules. p-trefoil folding is often found in proteins that function in
recognition and binding to oligosaccharides, e.g. lectins such as
the ricin B chain and Amaranthus caudatus agglutinin, and cyto-
kines such as interleukin-1 and fibroblast growth factor [19]. In a
previous study, we demonstrated that cell binding and transport
across the cell monolayer in the rat intestinal epithelial cell of bot-
ulinum M-TC (BoNT/NTNHA) and L-TC (M-TC/HAs) arose via BONT
and HA-33, respectively, in a sialic acid-dependent manner [20].
The NTNHA molecule may also possess an oligosaccharide recogni-
tion ability that should be addressed in the near future. Addition-
ally, the nHcC domain displayed considerably lower electron
density.

3.2. Structural dynamics of NTNHA revealed by SAXS image

The rNTNHA was subjected to SAXS analysis to determine its
solution structure. The radius of gyration (Rg) and maximum parti-
cle dimension (Dpax) of the INTNHA were calculated from SAXS to
be 55.52 and 220 angstroms, respectively. The INTNHA crystallo-
graphic structure was docked into the SAXS dummy residue model

(DRM) manually. The SAXS-derived DRM of the INTNHA with the
best-fitted crystallographic structure is shown in Fig. 2A and Sup-
plementary video 1. The docking image indicated that SAXS DRM
could be fitted to the nLc and nHcN domains in the crystallographic
structure. On the other hand, in this docking image, the nHcC do-
main in the crystallographic structure could not be superposed
onto the SAXS DRM. Additionally, we performed SAXS analysis
on the D-4947 M-TC (BoNT/NTNHA complex). The R; and Dyax of
the M-TC were estimated from the SAXS to be 46.76 and 150,
respectively. These values were lower than those of the NTNHA
protein, even though the total molecular mass of M-TC is twice
that of NTNHA. SAXS DRM of rNTNHA was docked into that of
the M-TC manually, and the best-fitted image is shown in Fig. 2B
and Supplementary video 2. The image clearly demonstrates that
the extended structure of the rNTNHA model, which resembled a
“tail”, could not be included in the M-TC SAXS DRM envelope.
Based on the crystal structure, the inter-domain angles made by
axes of the HcN and HcC domains were significantly different
(~120°) between serotype A/B and E BoNTs [21], suggesting that
the linker between the two BoNT domains allows flexibility. Since
BoNT and NTNHA share similar three-dimensional structures and
secondary structure organizations, the linker between nHcN and
nHcC should also be flexible. Supplementary video 3 (summarized
in Fig. 3) shows a working model of the flexible NTNHA structure
based on a comparison between the crystallographic and SAXS
images. The nLc and nHcN displayed very similar appearances in
both the crystallographic and the SAXS images, and thus these do-
mains would be stationary in solution. On the other hand, the
remaining area in the SAXS image does not fit to the nHcC domain
in the crystallographic image. A “wing” like mobility model of the
nHcC domain would explain this discrepancy. That is, the nHcC do-
main can iteratively move from an orthogonal orientation against
the stationary domain, which corresponds to the crystallographic
image, to a straight, laterally directed orientation. SAXS images ob-
tained in this study may represent a merged aspect of the nHcC do-
main swinging around the linker between nHcN and nHcC.
However, this model does not include the “tail” like extended
structure observed in the SAXS image. The nHcC domain displayed
low electron density in the crystallographic image, suggesting flex-
ibility of this domain. The “tail” like aspect in the SAXS image may
imply an extension of the nHcC domain when it got into a straight
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A NTNHA (Crystal) - NTNHA (Solution)

B M-TC (Solution) - NTNHA (Solution)

Fig. 2. Crystal and solution structure of the NTNHA. (A) The crystal structure image indicated by a three-domain model with nLc in yellow, nHcN in light blue and nHcC in red
is superimposed onto the solution structure image (blue) determined by SAXS. The superposed image implies that the nLc and nHcN display a similar form in both the crystal
and solution structure, whereas the nHcC shows a discrepancy between the crystal and solution structures. (B) Solution structure of M-TC and NTNHA. SAXS image of the
NTNHA (blue) is superposed onto that of the M-TC (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Most-compressed form

XYl 2

XYy 3

Most-spread form

Merge

Fig. 3. Hypothetical “wing” model for the NTNHA molecule. The nLc, nHcN and nHcC are represented by yellow, light blue and red ellipses, respectively. “Most-compressed
form” NTNHA model (left) is illustrated based on the crystal structure of NTNHA. In the solution structure, the nHcC domain of the NTNHA molecule moves like a wing along
the axis connecting nHcN and nHcC (see supplementary video 3). Movement of the nHcC wing and the “Most-spread form” of the NTNHA (center) are based on the solution
structure of NTNHA. The combined motions of the nHcC wing would be captured as a spread solution structure (right). Elongated “tail”-like structure (indicated with dotted
lines) observed in the solution structure might be due to flexibility of the nHcC domain in solution. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

lateral orientation. The flexibility of the HcC domain in BoNT was
also noted previously [22]. Gu et al. [7] demonstrated that serotype
A BoNT in M-TC form (BoNT/NTNHA) displayed a distinct confor-
mation, in contrast to the BoNT in free form, in which the HcC
domain rotated about 140 ° around the linker connecting HcN
and HcC. Dynamics of the nHcC domain in NTNHA and the HcC do-
main in BoNT may contribute to form the M-TC. Single-molecule

analysis will be needed to fully understand the dynamics of the
NTNHA molecule.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.07.077.
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