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(Background: Botulinum HA is a component of the botulinum neurotoxin complex and dramatically increases the oral
Results: The crystal structure of botulinum HA reveals that 12 subcomponents of HA constitute a huge triskelion-shaped

Conclusion: The complex is functionally and structurally separable into two parts.
Significance: This is the first crystal structure of the whole botulinum HA complex.
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Clostridium botulinum HA is a component of the large botu-
linum neurotoxin complex and is critical for its oral toxicity. HA
plays multiple roles in toxin penetration in the gastrointestinal
tract, including protection from the digestive environment,
binding to the intestinal mucosal surface, and disruption of the
epithelial barrier. At least two properties of HA contribute to
these roles: the sugar-binding activity and the barrier-disrupt-
ing activity that depends on E-cadherin binding of HA. HA con-
sists of three different proteins, HA1, HA2, and HA3, whose
structures have been partially solved and are made up mainly of
B-strands. Here, we demonstrate structural and functional
reconstitution of whole HA and present the complete structure
of HA of serotype B determined by x-ray crystallography at 3.5 A
resolution. This structure reveals whole HA to be a huge triske-
lion-shaped molecule. Our results suggest that whole HA is
functionally and structurally separable into two parts: HA1,
involved in recognition of cell-surface carbohydrates, and HA2-
HA3, involved in paracellular barrier disruption by E-cadherin
binding.

Botulinum neurotoxin (BoNT),* the causative agent of the
disease botulism, is a protein toxin produced by various strains
of the spore-forming Gram-positive anaerobic bacteria Clos-
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tridium botulinum, Clostridium butyricum, and Clostridium
baratii (1). BONT is released by these bacteria in the form of a
multimeric complex, along with a set of nontoxic proteins
called neurotoxin-associated proteins (NAPs), encoded by
genes adjacent to the BoNT gene (2—4). BoNT exists in seven
distinct antigenic types (serotypes A—G), and the amino acid
sequences of NAPs have diverged along with their associated
BoNTs (3). Of the seven serotypes, types A, B, E, and F cause
botulism in both humans and animals, whereas types C and D
cause botulism mainly in animals but only very rarely in
humans. The BONT-NAP complex exists as 12 S, 16 S, and/or
19 S multimeric protein particles, depending on the serotype (2,
3). The 12 S toxin contains BoNT and a nontoxic component
lacking HA activity, which is designated nontoxic non-HA
(NTNH). The 16 S toxin consists of BoNT assembled with
NTNH and three other proteins termed HA1, HA2, and HA3;
together, these proteins exhibit HA activity and are designated
the HA component. The 19 S toxin is presumed to be a dimer of
the 16 S toxin.

BoNT targets peripheral nerve terminals, such as motor neu-
ron nerve endings. In the cytosol of neurons, BONT cleaves
SNARE proteins involved in the fusion of synaptic vesicles with
the presynaptic membrane, thereby blocking the release of ace-
tylcholine and causing flaccid paralysis (5). Poisoning by BONT's
occurs mainly following oral ingestion of the toxin and subse-
quent absorption within the intestine (6). Therefore, it is clear
that BoNTs in the intestinal lumen must cross the epithelial
barrier. However, the detailed mechanisms by which BoNTs
traverse this barrier and enter the circulation remain elusive.
The presence of NAPs (HA and NTNH) in the toxin complex
drastically increases BoNT toxicity following oral administra-
tion: the larger the molecular size of the toxin complex, the
higher the oral toxicity (2). NAPs exert this effect by rendering
BoNT resistant to low pH and proteases in the gastrointestinal
tract (2). Recently, the structural basis for the protective effect
of NTNH was elucidated by Gu et al. (7), who solved the crystal
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TABLE 1
Previously reported structures of HA subcomponents
Structure Serotype PDB” ID Ref.

Whole HA B 3WIN This work
HA1-HA2 D 2E4M 37
HA1 A 1YBI 35
HA1 C 1QXM 32
HAl-sugars C 3AH1, 3AH2, 3AH4 33
HA3 C 2756 31
HA3-sugars C 27Z0E, 4EN6, 4EN7, 4ENS, 4EN9 31, 40

“ PDB, Protein Data Bank.

structure of the 12 S toxin. HA can bind intestinal epithelial
cells via its carbohydrate-binding activity, which facilitates effi-
cient transport of the toxin complex across the intestinal epi-
thelial monolayers (8 —18). In addition to this adhesive activity,
we recently identified a novel activity of HA: type A HA and
type B HA (HA/B) disrupt the epithelial paracellular barrier by
directly binding to E-cadherin, thereby facilitating paracellular
transport of macromolecules, including 12 S toxin (19-22). By
contrast, type C HA does not bind E-cadherin but is capable of
disrupting the epithelial barrier of certain cells (20). These stud-
ies indicate that HA plays an important role in toxin absorption
and pathogenesis of botulism. Additionally, these properties of
HA could be exploited to facilitate the transepithelial delivery
of medicines. However, the molecular details of the mecha-
nisms by which HA elicits these multiple biological activities
remain unclear, in part because functional reconstitution stud-
ies have not been performed on the whole HA complex, and
detailed structural information about the complex has not been
previously available (Table 1).

In this study, we achieved functional reconstitution of whole
HA (HA1-HA2-HA3) using purified recombinant HA1, HA2,
and HA3 of serotype B. Using this system, we obtained the first
x-ray crystallographic structure of whole HA. The results of our
structure-function studies suggest that HA1 proteins, which
play a critical role in cell binding (9, 10, 13—18), are located in
the most distal part of the complex, whereas the E-cadherin-
binding site is in the inner part of the complex, the HA2-HA3
connecting region.

EXPERIMENTAL PROCEDURES

Plasmid Construction—DNA fragments encoding botuli-
num HA (HA1, amino acids (aa) 7-294; HA2, aa 2—146; and
HA3, aa 19-626) (23) were amplified by PCR from C. botuli-
num type B strain Okra genomic DNA using gene-specific
primers containing restriction sites at their 5'-ends. In the for-
ward primer for HA 1, an oligonucleotide encoding four consec-
utive aspartic acids was inserted between the restriction site
and the gene-coding sequence. The HA1 and HA3 fragments
were inserted into the KpnI-Sall site of the pET52b(+) expres-
sion vector (Merck Millipore). The HA2 fragment was inserted
into the Nhel-Xhol site of the pET28b(+) vector (Merck
Millipore). The inserted regions were confirmed by DNA
sequencing.

Protein Expression and Purification—To obtain high levels of
the proteins at high purity, HA1, HA2, and HA3 were expressed
as Strep-tag®-, His-, and Strep-tag-tagged proteins, respec-
tively. Expression vectors harboring HA genes were trans-
formed individually into Escherichia coli strain Rosetta™™
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2(DE3) (Merck Millipore). Protein expression was induced
using Overnight Express™ Autoinduction System 1 (Merck
Millipore). Expression of Strep-tag-HA1 and Strep-tag-HA3
was induced for 36 h at 30 °C. Expression of His-HA2 was
induced for 40 h at 18 °C. The Strep-tag-tagged proteins and
His-HA2 were purified using StrepTrap HP and HisTrap HP
columns (GE Healthcare), respectively. Strep-tag was cut from
Strep-tag-HA1 using human rhinovirus 3C protease (Merck
Millipore), which was removed by passing the digest through a
HisTrap HP column. The His tag was removed from His-HA2
using thrombin (GE Healthcare), and the HA2 protein was
purified using a HiTrap DEAE FF column (GE Healthcare).
Protein concentrations were determined using the BCA pro-
tein assay reagent (Thermo Scientific).

For reconstitution of the HA complex, recombinant HA1,
HA2, and HA3 proteins were mixed at a molar ratio of 4:4:1 in
PBS (pH 7.4) and incubated for 3 h at 37 °C. The HA complex
was captured with a StrepTrap HP column, followed by a brief
wash with PBS and incubation with human rhinovirus 3C pro-
tease on the column for 2 h at 20°C to remove Strep-tag
attached to the HA3 protein. The HA complex was eluted from
the column and further purified with a Superdex 200 10/300 GL
column (GE Healthcare). The protein was concentrated using
Amicon Ultra-0.5 100K centrifugal filter units (Merck Milli-
pore). The homogeneity of the purified preparation was con-
firmed by SDS-PAGE and native PAGE. The type B 16 S toxin
(B16S toxin) was purified from a bacterial culture of C. botuli-
num type B strain Okra as described previously (20).

Analysis of Complex Formation by Gel Filtration—Purified
HA proteins or mixtures of these proteins were incubated for
3 h at 37 °C prior to gel-filtration analysis. Proteins were indi-
vidually loaded onto a Superdex 200 10/300 GL column previ-
ously equilibrated with PBS (pH 7.4) using an AKTA Pure sys-
tem (GE Healthcare). The purified HA complex was analyzed
using the same column equilibrated with 20 mm Tris-HCI (pH
7.4) and 200 mm NaCl. Absorbance was measured at 280 nm.

Measurement of Transepithelial Electrical Resistance (TER)—
Measurement of TER was performed using a Millicell-ERS sys-
tem (Merck Millipore) as described previously (20). Briefly,
Caco-2 cells (derived from a human colon carcinoma) were
plated onto filters (0.4-mm pore size) in Transwell chambers
(Costar). After steady-state TER was achieved, HA proteins
were added to the upper or lower side of the chamber. TER was
measured at time points up to 24 h.

Crystallization—A 7 mg/ml solution of recombinant HA in
0.01 M Tris-HCI (pH 8.0) was employed for crystallization.
Crystallization trials were set up at room temperature as sit-
ting-drop vapor-diffusion experiments on Cryschem crystalli-
zation plates. The initial screening was performed at 295 K
using the sparse matrix method (24) with commercial crystal-
screening kits (Hampton Research). The crystallization drop-
lets consisted of 1 wl of HA solution and 1 ul of reservoir
solution containing 0.25 M ammonium chloride, 3% (w/v) pol-
yethylene glycol 4000, 3% trehalose, 3% (w/v) benzamidine HCI,
3% (w/v) methylpentanediol, 3% (w/v) ethylene glycol, 0.1 m
calcium chloride, and 0.1 m Tris-HCI (pH 8.0) and equilibrated
with 500 ul of reservoir solution. Hexagon-shaped tabular crys-
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FIGURE 1. Reconstitution of whole HA from recombinant HA subcomponents. A, each HA subcomponent, alone or in combination, was subjected to
gelfiltration analysis as described under “Experimental Procedures.” Dashed lines on the chromatogram show the elution volume of the complexes or HA
subcomponents, which are labeled at the top of the panel. Molecular masses were estimated from the elution volumes of the size marker proteins. B, Caco-2
cells were grown in Transwell chambers, and TER was measured in the presence of each HA subcomponent (HA1, 60 nm; HA2, 120 nm; and HA3, 30 nm), alone
or in combination. The samples were applied from the basolateral (upper panel) or apical (lower panel) side of the chamber following a 3-h incubation at 37 °C.
Values are means = S.E. (n = 3). C, gel-filtration chromatogram of the whole HA complex used for crystallization. D, Caco-2 cells were treated with the indicated
concentrations of B16S toxin (cyan) or HA complex (orange) from the basolateral side of the chamber, and TER was measured. Values are means = S.E. (n = 3).

tals appeared within 1 week and grew to maximum dimensions
of ~0.3 X 0.3 X 0.2 mm.

Data Collection, Phasing, and Refinement—X-ray diffraction
data from HA crystals were collected at 100 K in a nitrogen
stream after the crystals were soaked in reservoir solution con-
taining 23% ethylene glycol and 3% glycerol as a cryoprotectant.
A native data set at 3.5 A was collected from a single crystal
using a Rayonix MX300-HE CCD detector on beamline
BL44XU at SPring-8 (see Table 2). The x-ray wavelength was
0.9 A, the angle oscillation range was 0.5°, and the crystal-to-
detector distance was 500 mm.

Molecular replacement (Table 2) was performed using
Phaser (25). The asymmetric unit contained one HA complex.
The resulting electron density maps modified by Parrot (26)
allowed us to automatically trace almost all of one independent
complex. Model building and inspection were based on Coot/
REFMACS (27, 28). The atomic coordinates and structure fac-
tors for HA/B were deposited in the Protein Data Bank with
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accession code 3WIN. All images of the molecular structure
were prepared using PyMOL.

RESULTS

Reconstitution of the Functional HA Complex—To obtain a
functional HA complex, we reconstituted the whole complex
from the HA subcomponents in vitro. We expressed each sub-
component of HA separately in E. coli and purified them. When
these three subcomponents were mixed and incubated at 37 °C,
a large molecular complex formed spontaneously. When the
three subcomponents were mixed pairwise and analyzed by gel
filtration, only the HA2-HA3 complex was observed (Fig. 1A).

We reported previously that HA compromises the barrier
function of epithelial cells and that E-cadherin binding of HA is
sufficient for this effect (21). We assessed the barrier-disrupting
activity of each HA subcomponent, alone or in combination, by
measuring TER in Caco-2 cells. Neither the single subcompo-
nents nor the pairwise combinations HA1-HA2 and HA1-HA3

JOURNAL OF BIOLOGICAL CHEMISTRY 35619



Crystal Structure of the Complete Botulinum Type B HA Complex

TABLE 2
Data collection, structure solution, and refinement statistics for HA
Diffraction data HA

X-ray source SPring-8/BL44XU
Wavelength (A) 0.900
Resolution (A) 3.5
Space group P6,22
Unique reflections 45,595
Ryperge (%)° 8.6 (49.4)
Completeness (%)® 99.3 (100)
Redundancy 3.5
Refinement REFMAC5
Resolution randge (A) 50.0-3.5
R-factor/Ry,..” (%) 20.2/25.1
No. of protein atoms 10,522

No. of solvent atoms 50

Ramachandran distribution 90.6,8.3,1.1
(% favored, allowed, outlier)

r.m.s.d.“ bonds (A), angles 0.011, 1.65°

Average B value (A?%) 62.0

PDB code 3WIN

“ Riperge = 2|I; — (I)|/2(1), where I is the observed intensity, and (I;) is the aver-
age intensity over symmetry equivalent measurements.

? Completeness for all reflections and for the highest resolution shell is shown in
parentheses.

¢ Resetor = 2Fobs| = [Fearcll/ZIFgpql-

@ Rivee is calculated as R-factor but on 5% of all reflections that were never used in
crystallographic refinement.

¢ r.m.s.d., root mean square deviation; PDB, Protein Data Bank.

exhibited any activity. By contrast, the HA2-HA3 complex and
the full complex exhibited comparable activities when these
proteins were applied from the basolateral side of the cells (Fig.
1B, upper panel). These results are consistent with the previous
observation that the HA2-HA3 complex is sufficient for E-cad-
herin binding of HA (21). Because E-cadherins reside on the
basolateral surface of epithelial cells, translocation of HA from
the apical to the basolateral side of cells is a prerequisite for
barrier disruption when the complex is applied from the apical
side (19, 21). In this experimental setting, the full complex
exhibited higher activity than the HA2-HA3 complex (Fig. 1B,
lower panel), indicating that HA1 facilitates apical-to-basolat-
eral translocation of the HA complex.

Our preliminary experiments showed that the stability of the
whole HA complex was greatly affected by the tags attached to
HAL. In particular, HA complexes readily aggregated when tag-
free or His-tagged HA1 was used for reconstitution of the com-
plex, whereas the presence of a FLAG tag (DYKDDDDK) on
HA1 improved the solubility of the complex. However, the
complex harboring FLAG-HA1 yielded two major peaks in gel-
filtration analysis and appeared to aggregate to some extent.
Therefore, we added four consecutive aspartic acid residues (a
portion of the FLAG tag) to the N terminus of HA1. The resul-
tant purified HA complex, which we used for crystallization,
yielded a single peak in gel-filtration analysis, and exhibited
barrier-disrupting activity comparable to that of the native
B16S toxin (Fig. 1, C and D). In addition to the aspartic acid
cluster in HA1, the N terminus of each HA subcomponent con-
tains vector-derived sequences that are not identical to those in
the native complex. However, electron density was not
observed in these regions, and we assumed that these regions
do not affect the overall structure of the complex (see below).

Structure Determination—The crystallographic data are
shown in Table 2. Analysis of the diffraction pattern and sys-
tematic absences allowed us to assign HA crystals to the hexag-
onal space group P6,22, with unit cell parametersa = b = 324.7
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A, c=1176 A, a = B = 90°, and y = 120°. A total of 45,592
unique reflections were obtained using the HKL2000 software
package (29). The intensity data in the resolution range of 50.0
to 3.5 A were processed with an R, erge Of 8.6%. Assuming a
molecular mass of 148 kDa for the expressed HA (HA1-HA2-
HA3 monomer), packing density calculations indicated the
V. ax to be 6.06 A® Da™', with one HA arm (HA1-HA2-HA3
monomer) per asymmetric unit. This corresponds to a solvent
fraction of about 79.7%, an allowed value for protein crystals.

The crystal structure of whole HA was solved by the molec-
ular replacement technique using the structures of type B HA3”
and type D HA1-HA2 (Protein Data Bank ID 2E4M) and the
Phaser program from CCP4. The electron density maps were of
excellent quality, allowing unequivocal tracing of each subcom-
ponent (HA1-HA2-HA3), and were subsequently refined at 3.5
A resolution. The structure was refined using REFMAC (28);
5% of the unique reflections were used to monitor the free
R-factor. The final values for general and free R-factors were
20.2 and 25.1%, respectively (all reflections in the 50.0-3.5 A
resolution range). The refined model consists of 10,554 atoms
with 93 solvent molecules. Stereochemistry checks indicated
that the refined model was in good agreement with expecta-
tions for models within this resolution range (Table 2). The
asymmetric unit contains one HA1-HA2-HA3 complex (Fig.
2A); the structure of the trimer, which represents the natural
form, was generated by crystallographic symmetry (Fig. 2B).

Structure of Whole HA—Whole HA has a triskelion-like fold
and forms a pore in the center. Measuring from the central
pore, the HA complex has a radius of 160 A. Notably, the central
pore (diameter of ~26 A) is the same size as that of hemolysin,
a pore-forming toxin produced by Staphylococcus aureus (30).
The crystallographic trimeric fold is stabilized by a number of
specific interactions between individual HA3 molecules, as
observed in type C HA3 (31).

HAI-HA2-HA3 Monomer—Each arm of whole HA assumes
ahuge elongated Y shape (190 X 96 X 55 A), which is composed
of 91 B-strands, six helices, and seven 3, ; helices (Fig. 24). Each
HA1-HA2-HA3 monomer contains two molecules of HA1,
one molecule of HA2, and one molecule of HA3. From the
structural architecture, the two HA1 molecules can be dis-
tinguished as four domains, HA1-I, HA1-II, HA1-I’, and
HA1-II' (I and I’, aa 9-146; and II and II', aa 147-294).
Likewise, HA3 can be distinguished as four domains, HA3-I,
HAS3-II, HA3-IIL, and HA3-1V (I, aa 22-188; II, aa 209 -379;
111, aa 380-501; and IV, aa 502— 626) (Fig. 2A). HA2 contains
only one small domain.

Interactions between HAI and HA2—HA1 has a dumbbell-
like fold consisting of two B-trefoil domains, the N-terminal (I
and I', aa 9-146) and C-terminal (II and II’, aa 147-294)
domains, connected by a short a-helix (Tyr'*”—Phe'®?).
According to co-crystal studies and mutation experiments
using type A and C HA1 (32-34), the C-terminal B-trefoil
domain harbors major sugar-binding site(s) that determine the
spectrum of carbohydrate recognition of whole HA and the
16 S toxin. No density was observed for the N-terminal resi-

> S. Amatsu and K. Kitadokoro, unpublished data.
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FIGURE 2. Structure of whole HA. A, ribbon diagram of the HA1-HA2-HA3
monomer. Pink, HA1-l and HA1-lI; yellow, HA1-I" and HA1-ll'; magenta, HA2;
dark green, HA3-I; cyan, HA3-Il; purple, HA3-Ill; light green, HA3-IV. B, whole
HA/B has a triskelion shape. Upper, view from the top of the trimer and parallel
to the 3-fold axis. Lower, view perpendicular to the 3-fold axis.

dues, including the aspartic acid cluster and residues 7 and 8,
implying that these residues adopt a disordered structure. The
HAZ2 molecule consists of a single polypeptide chain with resi-
dues 5-145; no electron density was visible for the three N-ter-
minal residues or the C-terminal Ile'*®. Comparison of the
interface residues of type B HA1-HA2 with those of type D
HA1-HA2 (Protein Data Bank ID 2EM4) using PISA revealed
that the interface hydrophobic residues are well conserved
between the two serotypes (Fig. 3, A and B). Accordingly, when
type BHA1-HA2 and type D HA1-HA?2 were overlapped using
SSM from Coot, the interfacing regions of HA2 and the HA1-1
and HA1-I' domains fit well with each other; however, HA1-II
and HA1-II' of types B and D do not overlap (Fig. 44). This
differential interdomain arrangement was observed between
two crystal structures of type A HA1 and between type A and C
HA1 (35). The arrangement of type B HA1 resembles one of the
structures of type A HA1 (Fig. 4B).

Interactions between HA2 and HA3—Among the key find-
ings in the structure of whole HA are the details of the intramo-
lecular interactions between HA2 and HA3. HA2 binds to the
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slightly lateral region of the apex of the triangle formed by the
HA3 trimer. At the interface, one B-loop-B-region of HA?2 is
inserted into a crevice formed by two 3-loop-3-regions of HA3-
IV. Analyses of the scores of the interface performed using PISA
revealed that the associations are mediated mainly by hydro-
phobic interactions, as well as by several salt bridges and hydro-
gen bonds. The HA3 B-loop-B-regions from Ile**® to GIn>%*
interact with the hydrophobic phenylalanine cluster of HA2
(Phe’, Phe®®, and Phe®®) (Fig. 5A4). Ile®”® of HA3-IV makes a
hydrophobic contact with the phenylalanine cluster of HA2,
and the next residue (Asp®”®) forms a hydrogen bond with
Arg®* of HA2 (Fig. 54). On another side, Phe®*” of the HA3
B-loop-B-regions from Tyr>*® to Thr>*° forms a hydrophobic
interaction with Ile'®, Ile®?, and Ala”? (Fig. 5B), and the outside
Lys®*® of HA3-1V forms a hydrogen bond with Glu''® of HA2.
These two specific interactions determine the relative positions
of HA2 and HA3.

Structure of the Type B HA3 Trimer—HA3 is the biggest sub-
component in the whole HA complex, containing residues
19-626; no electron density was visible for the three N-termi-
nal residues 19-21 and aa 189-207. HA3 exists naturally as a
trimer, and HA3 is stable for crystallization. We have already
obtained three types of type B HA3 crystals: one symmetrically
monomeric, one trimeric, and one containing four molecules in
the asymmetric unit.> Comparison of the type B and C HA3
structures (31) revealed that the overall structures are similar.
The type C HA3 structure was determined in the monomeric
form, but the authors of that study incorrectly traced against
the asymmetric unit because they lacked maps of electron den-
sity from residues 185—203. The crystal structures that we have
solved with four molecules in the asymmetric unit (lacking den-
sity maps for aa 189 -195) clearly indicate that the natural HA3
monomer has an elongated shape (Fig. 24).

There are no remarkable structural differences between type
B HA3 in the trimeric form and that in the whole HA complex,
except in domain HA3-IV, which contains the HA2-binding
regions (Fig. 5C). The HA2-binding sites of HA3-IV in whole
HA adopt a closed conformation, in contrast to the correspond-
ing region of domain IV in the trimeric HA3 structures. In par-
ticular, the two loops of HA3-IV in whole HA have moved to
accommodate the HA2 molecule.

Structural Homolog of HA—A DALI search was performed
on whole HA. As predicted, the results revealed that type C
HA1, type CHA3, and type D HA1-HA2 complexes are similar
to type B HA1, HA3, and HA1-HA?2, respectively. Another
structural homolog proposed for type B HA3 is CPE, a B-pore-
forming enterotoxin produced by Clostridium perfringens (Pro-
tein Data Bank ID 3AM2; Z = 9.7). (Fig. 6, A and B). As
described above, HA3 monomers consist primarily of four
domains, HA3-I, HA3-1I, HA3-III, and HA3-IV. The overall
shapes of HA3-1 and HA3-II are quite similar to that of the
N-terminal pore-forming domain of CPE (called N-CPE),
whereas HA3-III and HA3-IV resemble the C-terminal recep-
tor-binding domain of CPE (called C-CPE), which binds to cer-
tain members of the claudin family, components of tight junc-
tions (36).
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A

FIGURE 3. Views of the interface regions between HA1 and HA2. Residues directly involved in contacts between subcomponents are shown as stick models.
The calculations of interfaces between subcomponents were performed using PISA. A, the interface between HA1 and HA2 of type B. HA1 and HA2 are shown
in yellow and magenta, respectively. Residues directly involved in contacts are colored blue and green for HA1 and HA2, respectively. B, the interface between
HA1 and HA2 of type D (37). HA1 and HA-2 are shown in blue and cyan, respectively. Residues directly involved in contacts are colored yellow and green for HA1
and HA2, respectively. The residues involved in the interface are conserved between type B and D HAT-HA2.

DISCUSSION

In this study, we have provided the first crystal structure of
whole HA, a multifunctional large protein complex that is crit-
ical for the high oral toxicity of the BONT complex. Type B
whole HA is a huge triskelion-shaped complex with an HA1:
HA2:HA3 stoichiometry of 6:3:3. The crystal structure is con-
sistent with the three-arm structure proposed previously for
the 16 S toxin based on electron microscopy (37, 38).

Our reconstitution experiment showed that among all three
pairwise combinations of the three proteins, only HA2 and
HA3 form a complex. Although an HA1-HA2 complex was
reported in type C HA (39), HA1 formed a stable complex with
neither HA2 nor HA3 and was found in a complex only when all
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three subcomponents were present. These observations sug-
gest that HA2-HA3 complex formation precedes HA1-HA2
association at least in type B. HA2 appears to play a key role in
this process. Nevertheless, the detailed mechanism of HA com-
plex formation remains to be elucidated.

As we described previously, HA/B disrupts the epithelial
paracellular barrier by binding to E-cadherin via specific pro-
tein-protein interactions (21). Our TER data (Fig. 1B) show that
basolaterally added HA3 alone does not possess barrier-dis-
rupting activity; however, the HA2-HA3 complex disrupts the
barrier almost as potently as whole HA and the 16 S toxin.
These data indicate that HA3 has no ability to bind to E-cad-
herin, whereas the HA2-HA3 complex, whole HA, and the 16 S
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A

HA1-ll HA1-IP

FIGURE 4. Comparison of the structure of HA1. A, structural comparison of
type B HA1-HA2 (blue) with type D HA1-HA2 (magenta). The structures were
superimposed using the SSM program in Coot. HA2, HA1-l, and HA1-I" over-
lapped well with each other. The structural differences occur mainly on HA-II
and HA1-Il', which are sugar-binding sites. B, structural comparison of type B
HA1 (pink) with type A HA1 (cyan).

toxin possess comparable abilities to bind E-cadherin. The
structural conformations of HA3 domains are highly conserved
between the HA3 trimer and HA3 in whole HA, with the excep-
tion of domain HA3-1V, which contains HA2-binding regions.
These results indicate that the parts of HA that are essential for
E-cadherin binding are located at the connecting region
between HA2 and HA3-IV.

A database search identified CPE as a structural homolog of
HA3. HA3-I and HA3-II are homologous to N-CPE, whereas
HA3-III and HA3-IV are homologous to C-CPE, which is the
binding site for receptors (claudins). As described above,
HA3-1V is presumed to be involved in E-cadherin binding. Fur-
thermore, type C HA3-IV contains a sialic acid-binding site (31,
40), although the role of sialic acid binding is totally unclear.
Type B HA3 has also been reported to bind sialic acid (15), and
the amino acid residues involved in sialic acid binding in type C
HA3 are conserved in type B. Therefore, the ligand-binding
function appears to be conserved between C-CPE and HA3-1V.
In contrast, the significance of the homology between the
N-terminal parts of these proteins is unclear. The N terminus of
CPE is responsible for B-pore formation on the host plasma
membrane, in a manner analogous to that of S. aureus hemol-
ysin (41, 42); however, the depth of the HA pore is insufficient
to cross the membrane, and some of the amino acid residues
conserved among B-pore-forming toxins are not present in
HA3 (42). Consistent with this, HA3 has never been reported to
form pores on the plasma membrane. In HA, this structure
might be exploited for other purposes, e.¢. NTNH binding. The
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FIGURE 5. Interactions between HA2 and HA3 in whole HA/B. A and B,
close-up view of the HA2-HA3 binding regions. Residues important for inter-
actions between HA2 and HA3 are shown in stick representation. The oxygen,
nitrogen, and sulfur atoms are colored red, blue, and yellow, respectively. Car-
bon atoms are colored magenta in HA2 and green in HA3. C, structural com-
parison of type B HA3-IV domains in the HA3 trimer (orange) and in the whole
HA/B complex (green). The HA2 molecule is also shown in magenta.

N-terminally located long loop of NTNH, designated the
nLoop, is involved in 16 S toxin formation (7, 38). This loop is
located at the opposite side of the BoNT-interacting surface of
NTNH, where it is fully accessible to HA (7). Taken together,
these observations suggest that the pore might be used as the
docking site for nLoop.

In nature, HA-containing BoNT complexes enter the host
through the apical surface of intestinal epithelial cells. Our pre-
vious results show that HA disrupts the paracellular barrier of
the epithelial monolayer via a two-step mechanism (6, 19, 21).

JOURNAL OF BIOLOGICAL CHEMISTRY 35623



Crystal Structure of the Complete Botulinum Type B HA Complex

.

FIGURE 6. Comparisons of the structures of type B HA1-HA2-HA3 against
N-CPE and C-CPE. The structures were superimposed using the SSM pro-
gram in Coot. HA/B is colored as described for Fig. 2A. HA3-I, HA3-II, HA3-III,
and HA3-IV are shown in dark green, cyan, purple, and light green, respectively.
A, two N-CPE molecules are overlapped on the HA3-l and HA3-Il domains. The
two N-CPE molecules are colored wheat and light green, respectively. B, two
C-CPE molecules are superimposed on the HA3-Ill and HA3-IV domains. The
two C-CPE molecules are colored yellow and orange, respectively.

First, HA on the apical surface translocates to the basolateral
surface via transcytosis. Next, HA located on the basolateral
surface binds to the extracellular domain of E-cadherin,
thereby disrupting the paracellular barrier. The results of our
functional reconstruction experiment show that the HA2-HA3
complex has attenuated barrier-disrupting activity relative to
whole HA when these proteins are added apically, whereas it
has the same potency as whole HA when applied basolaterally.
These data provide evidence that HA1 plays an important role
in the first step of HA action and that the HA2-HA3 complex is
necessary and sufficient for the second step. Our results are
consistent with the observation that the carbohydrate-binding
activity of HA1 in the 16 S toxin plays an important role in the
binding and transport of the toxin complex across intestinal
epithelial monolayers (9, 10, 13—18). In the structure of whole
HA, the orientation of the BONT-NTNH binding side was easily
inferred from studies of negative-stain electron microscopy of
16 S toxins (37, 38). On the basis of this, we propose a model for
the interaction of the 16 S toxin with polarized epithelial cells
(Fig. 7). First, HA1, which is located on the front of the 16 S
toxin, binds to the apical cell surface via its carbohydrate-bind-
ing sites and translocates from the apical to the basolateral sur-
face by transcytosis. Next, the HA2-HA3 connecting region
interacts with the extracellular domain of E-cadherin at the
basolateral surface. Our structure shows that the deduced
E-cadherin-binding site at the HA2-HA3 connecting area is
located inside whole HA; however, this site would be accessible
from the opposite side of the NTNH-binding region even after
a complex is formed between HA and cell-surface carbohy-

35624 JOURNAL OF BIOLOGICAL CHEMISTRY

Basolateral side
(Barrier-disruption step)

Apical side
(Translocation step)

] Plasma
membrane

Glycans E-cadherin

FIGURE 7. Model of the interaction of the B16S toxin with intestinal epi-
thelial cells. A structural model of the B16S toxin was constructed based on
the crystal structure of the type A 12 S toxin (7), HA/B (this study), and a model
of the type A 12 S and B16S toxins obtained by electron microscopy (38). Left
panel, on the apical side of the epithelial cells, the toxin complex binds to the
cell surface viathe most distally located HA1 (dotted cyan circles), which allows
toxin translocation across the cell. Right panel, on the basolateral side, the
complex interacts with E-cadherin through the inner region of HA (dotted red
circles), thereby disrupting the epithelial barrier. Red, type A BoNT; green, type
A NTNH; blue, HA.

drates. In the future, crystallization of whole HA in complex
with E-cadherin will facilitate the understanding of the molec-
ular mechanisms by which HA disrupts the paracellular barrier.

In summary, our structure of whole HA in the botulinum
neurotoxin complex provides a comprehensive view of this
huge multifunctional protein, which plays important roles in
intestinal absorption of BoNT. This new information will gen-
erate opportunities for understanding the pathogenicity of the
botulinum neurotoxin complex, for development of therapeu-
tics against botulinum intoxication, and also for development
of novel methods for transepithelial delivery of various macro-
molecule-based medications.
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