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Abstract

How botulinum neurotoxins (BoNTSs) cross the host intestinal epithelial barrier in foodborne
botulism is poorly understood. Here, we present the crystal structure of a clostridial hemagglutinin
(HA) complex of serotype BoNT/A bound to the cell adhesion protein E-cadherin at 2.4
Angstroms. The HA complex recognizes E-cadherin with high specificity involving extensive
intermolecular interactions and also binds to carbohydrates on the cell surface. Binding of HA
complex sequesters E-cadherin in the monomeric state thereby compromising the E-cadherin-
mediated intercellular barrier and facilitating paracellular absorption of BoONT/A. We reconstituted
the complete 14-subunit BONT/A complex using recombinantly-produced components and
demonstrated that abolishing either E-cadherin- or carbohydrate-binding of HA complex
drastically reduces oral toxicity of BONT/A complex in vivo. Together, these studies establish the
molecular mechanism of how HAs contribute to the oral toxicity of BONT/A.

Botulinum neurotoxin serotype A (BoNT/A, ~150 kDa) is produced in Clostridial botulinum
and together with the non-toxic non-hemagglutinin (NTNHA) protein and three
hemagglutinins (HAs: HA70, HA33 and HA17, also known as HA3, HA1 and HA2,
respectively) forms a large protein complex (1, 2). NTNHA protects BoNT/A from host
gastrointestinal destruction by forming a minimally functional progenitor toxin complex (M-
PTC; ~290 kDa) (3). M-PTC associates with the HAs to form the large PTC (L-PTC; ~760
kDa), which exhibits up to 30-fold greater oral toxicity (4-6). Therefore, HAs are critical
virulence factors that contribute to the extreme oral toxicity of BONT/A (7-10). The HAs of
BoNT/A (HA/As) assemble into a 3-fold symmetric hetero-dodecameric complex containing
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three HA70, three HA17, and six HA33 (~470 kDa). The fully assembled HA complex has
nine carbohydrate-binding sites, which function by enriching the L-PTC onto cell surfaces in
the intestine (Fig. 1A and fig. S1A) (9, 11). Additional interactions of HAs with the cell
adhesion protein E-cadherin have been reported for the closely related HAs of BONT
serotype B (HA/Bs) (12), but the molecular mechanism by which HAs exploit E-cadherin
and the physiological significance of this interaction in vivo remain poorly defined.

We found that the binding of HA/As to the well-characterized human colorectal
adenocarcinoma HT29 cells was greatly reduced when endogenous E-cadherin was knocked
down, indicating that the cell-surface binding of HAs requires E-cadherin (Fig. 1B and fig.
S1B). To distinguish E-cadherin binding versus carbohydrate binding, we next tested two
HA complexes with point mutations that abolish their ability to bind carbohydrates
(HA33-D263AF278A gnd HATO-T527PIR528A hereinafter referred to as HA33-DAFA and
HA70-TPRA) (9), Binding of these two HA mutants to HT29 cells was similar to that of the
wild-type HA complex (HA-WT), further supporting that E-cadherin is largely responsible
for the observed cell-surface binding of HAs (Fig. 1C).

Binding of HAs to cells induces disruption of cell-cell adhesions. This may create a
paracellular route for absorption of BoNTSs across the intestinal epithelial barriers (12).
Indeed, we observed that binding of HA-WT to HT29 cells for 24 hours severely disrupted
cell-cell adhesions, shown by separation of cells (Fig. 1D). Consistent with their ability to
bind HT29 cells, the two carbohydrate-binding deficient mutant HAs were still capable of
disrupting cell-cell junctions of HT29 cells within 24 hours. Thus carbohydrate binding is
not essential for HAs to disrupt cell-cell junctions under these experimental conditions. On
the other hand, experiments with a much shorter incubation time (150 min) revealed that the
two carbohydrate-binding deficient HA complexes disrupted cell-cell junctions much less
than HA-WT (fig. S1C-D), suggesting that carbohydrate binding might enhance disrupting
cell-cell junctions, likely by enriching HAs onto cell surfaces and increasing the overall
binding avidity. Similar results on cell-surface binding of HAs and HA-induced cell-cell
dissociation were observed on Caco-2 cells, another well-established human epithelial
colorectal adenocarcinoma cell line (fig. S2).

How HAs recognize E-cadherin is not known. The ectodomain of E-cadherin mediates self-
assembly in adherens junctions, which are crucial intercellular structures maintaining
physical association between parallel apposed cells (13-15). E-cadherin consists of five
tandem extracellular cadherin (EC) domains (EC1-5) (16), and the most amino-terminal
EC1-2 domain binds to HA/Bs (12). We found that the EC1-2 of E-cadherin also binds to
HAJ/As with a dissociation constant (Kgy) of ~2.3 uM and 3:1 stoichiometry, indicating that
each of the three arms of the HA complex likely binds one E-cadherin (fig. S3A). Consistent
with this finding, a monomeric HA sub-complex (mini-HA), which represents one of the 3
identical arms of the HA complex comprising the D3 domain of HA70 (HA70D3, residues
Pro378-Asn626), HA17, and two HA33 (Fig. 1A), is sufficient to bind EC1-2 in a 1:1 ratio
(fig. S3B). The binding affinity of EC1-2 to the mini-HA complex (K4 ~2.7 uM) is similar
to that of the 3-arm HA complex, indicating that the mini-HA complex is the minimum E-
cadherin-binding unit.
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To understand the molecular mechanism underlying the HA—E-cadherin interaction, we
determined a 2.4 A resolution crystal structure of the mini-HA complex bound to EC1-2 of
mouse E-cadherin (Fig. 2A-B and table S1). Two sets of nearly identical hetero-pentameric
complexes are observed in the asymmetric unit (root mean square deviation, rmsd, ~1.01 A
over 1,149 Ca pairs), in which EC1-2 binds to HA70P3, HA17, and one of the two HA33.
No conformational change is observed for the mini-HA complex upon E-cadherin binding
(9). The EC1 and EC2 domains each adopts a seven-stranded p-barrel fold and are
connected by a short linker that is maintained in a rigid conformation by the interactions
with three calcium atoms (Fig. 2A-B). Superimposing HA-bound EC1-2 to the structure of
mouse E-cadherin EC1-5 (15) (rmsd ~1.57 A for 206 Ca pairs) shows that the EC3-5
extends away from the HA complex (9), thus is dispensable for HA binding.

Large conformational changes are observed in the amino-terminal region of EC1 upon HA
binding (Fig. 2C). EC1 dimerizes in trans with EC1 of E-cadherin from apposing cells (16).
Specifically, residue Trp2 acts as an anchor docking into a complementary Trp-binding
pocket in the partner E-cadherin molecule (14, 15, 17, 18), leading to a three-dimensional
domain swap within an E-cadherin homodimer (19). Using analytical ultracentrifugation, we
found that EC1-2 forms a dimer in solution with a Ky of ~175.2 uM, which is consistent
with previous reports (15, 20), but is significantly weaker than its binding affinity to the HA
complex.

Strand-swapping in EC1 is believed to be driven by conformational strain in its first ten
amino-terminal residues (termed the A*/A strand), which only arises in its monomeric form
(21). Upon HA binding, the A*/A strand of E-cadherin is pushed back to its monomeric
conformation through hydrogen bond interactions between Ser8/Pro6E-cad and Glu501/
Arg505HA70 This conformation is further stabilized by hydrophobic interactions involving
lle417/Leud73/Met508HA70 and Val3/Pro5/Pro6 E-¢ad, whereas Pro5/Pro6E2d serves as a
hinge that mediates conformational changes necessary for strand swapping (Fig. 2C-D and
fig. S4) (14). Therefore, the HA complex stabilizes E-cadherin in the strained monomeric
conformation with Trp2 binding intramolecularly into its own Trp-binding pocket (Fig. 2C
and fig. S4A). Meanwhile, it physically blocks the E-cadherin trans dimerization by
occupying the E-cadherin dimer interface (Fig. 2E). Moreover, the HA complex also
prevents E-cadherin from forming the X-dimer, which is a dimeric intermediate required for
the formation of the strand-swapped trans dimer (Fig. 2F) (14, 22).

Complementing the HA70-EC1 interactions, HA17 interacts with both EC1 and EC2, as
well as the Ca2*-binding linker (Fig. 2 and fig. S4D), and one HA33 buries a small
hydrophobic interface with EC1. The HA-E-cadherin interaction was abolished when Ca2*
was chelated by EDTA (fig. S3C) (12), suggesting that the intertwined interactions among
three HAs and two EC domains rely on Ca2*-coordination in the EC1-EC2 linker that fixes
the relative positioning of the two EC domains. This binding mode contrasts the listerial
protein internalin (InlA), which only binds to EC1 in a one-on-one manner (23). Since E-
cadherin’s adhesive function depends on Ca2*-rigidified connections between successive EC
domains (14), this is yet another example of a pathogen hijacking host cellular function.

Science. Author manuscript; available in PMC 2015 June 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Leeetal.

Page 4

To fine map the HA-E-cadherin binding specificity, we examined binding of the
carbohydrate-binding deficient HA33-DAFA complex to wild-type or mutant mouse E-
cadherin ectopically expressed in CHO or HEK?293 cells, which physiologically do not
express E-cadherin (Fig. 3A and fig. S5). The exogenous, wild-type E-cadherin mediated
robust binding of the HA33-DAFA complex to transfected cells, which further demonstrates
their direct interaction (Fig. 3A). When key HA-binding residues on E-cadherin conserved
across different species were mutated (e.g., K14S and Q23A), the cell-surface binding of the
HA33-DAFA complex was greatly diminished (Fig. 3A). Residues Lys19 and Asn20 of
mouse E-cadherin contribute crucial interactions with HA70, which are likely weakened by
their equivalent residues on rat (GIn19 and Arg20) or chicken (Met19 and Arg20) (fig. S4B-
C). We found that mutating these two residues (e.g., K19M or N20R) clearly reduced
binding of the HA33-DAFA complex onto cell surfaces (Fig. 3A). Consistently, the WT mini-
HA complex did not bind EC1-2 that carried these E-cadherin mutants (fig. S6A). These
mutagenesis studies further confirm the physiological relevance of the HA-E-cadherin
interactions observed in the crystal structure.

In contrast to carbohydrate-binding deficient HA33-DAFA mytant, the HA-WT complex was
still able to bind to cells that expressed E-cadherin mutants tested above (fig. S5B and S5D).
This suggests that the ability of HA-WT complex to bind carbohydrates enhances the overall
binding avidity of the HA complex to cells, which compensates for the reduced binding to
E-cadherin mutants. E-cadherin is known to be glycosylated, but the O-linked carbohydrates
observed in the structure of mouse EC1-5 are distant from the carbohydrate-binding sites on
HAs — the shortest distances are ~62 A and ~69 A to HA70 and HA33, respectively (15).
Indeed, a low level binding of HA-WT to untransfected CHO or HEK293 cells was
mediated by carbohydrates since such binding was not detected for HA33-DAFA (Fig. 3A and
fig. S5).

Sequence alignment reveals that all the E-cadherin-binding residues on HA70 and HA17 are
conserved between the HAs of BoNT/A and B that mediate foodborne botulism in human,
but few are conserved on HAs of BoNT serotypes C and D (HA/C and HA/D), which
predominantly cause botulism in birds and cattle. As predicted by our structure, mutating an
E-cadherin-binding residue strictly conserved across HA/A-D, such as D109AHALT/A,
abolished its interaction with mouse E-cadherin due to the loss of an intermolecular salt
bridge (fig. S6B). Arg505HATUA Asn586HATUA and Lys104HAL7/A of HA/A bind to mouse
E-cadherin, but the corresponding residues of HA/C and D (Ser, Tyr, and lle, respectively)
are unlikely to mediate binding. Mutating residue Arg505HA70/A which is crucial for
binding and stabilization of the A*/A strand of E-cadherin in the monomeric form, to a
serine (R505SHA70/A) diminished the binding of the HA complex to mouse E-cadherin (fig.
S6B). These data might explain why BoNT/C and D have hardly caused human foodborne
botulism. However, some E-cadherin residues (e.g., Ser8, Glu54, and GIn101), which
favorably bind to HA/A-B-like residues, but not the HA/C-D-like residues, are also
conserved in chicken and bovine that are susceptible to BoNT/C and D. Therefore, while the
HA-E-cadherin binding mode is likely conserved in HA/A-B, it is unclear whether or how
HA/C-D might act through E-cadherin.

Science. Author manuscript; available in PMC 2015 June 20.
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Based on the structural analysis we created a specific mutant HA complex deficient in E-
cadherin binding (HA-RSDA) by combining HA70R9055 HA17P109A and the wild-type
HAZ33. Binding of HA-RSDA to HT29 or Caco-2 cells was greatly reduced, and it failed to
disrupt cell-cell junctions (Fig. 3B—-C and fig. S2). Consistently, the HA-RSDA barely
decreased the transepithelial electrical resistance (TER) of the differentiated Caco-2 cell
monolayers when applied to the apical or basolateral side (Fig. 3D) and did not facilitate the
paracellular transport of FITC-dextran from apical to basolateral compartments as the HA-
WT complex did (Fig. 3E). Together, these data demonstrate that the HA complex disrupts
cell-cell junctions through binding to E-cadherin.

Based on the structures of the HA complex and the full-length ectodomain of mouse E-
cadherin (9, 15), we built a complete structural model of the HA-E-cadherin complex,
where three molecules of E-cadherin bind the HA complex (Fig. 4A). The model shows that
the C-terminal EC5 of E-cadherin and the carbohydrate-binding sites on HA33 both point
towards the proposed plane of the plasma membrane (Fig. 4B). Since the crescent shape of
EC1-5 has considerable conformational flexibility to adopt different curvatures (14, 15) and
HAZ33 also displays a large structural flexibility (9), the HA complex is able to bind to its
carbohydrate receptor and protein receptor on the same cell surface (Fig. 4B). Therefore,
these two different types of receptors likely act synergistically to achieve high binding
avidity and specificity on the cell surface.

The assembly of the E-cadherin network in adherens junctions (~150-300 A in width) is
achieved by a combination of trans-dimerization between cadherins from opposing cell
surfaces and cis-dimerization between molecules from the same cell surface (fig. S7) (14,
15). We propose that the condensed array of E-cadherin clustering between cells is disrupted
by the bulky HA complexes (~260 A wide and ~100 A height) upon binding. Interestingly,
the mini-HA complex bound to HT29 cells weakly and failed to disrupt cell-cell adhesion
(fig. S8), and neither apical nor basolateral addition of the mini-HA complex disrupted the
tight junctions of polarized Caco-2 cell monolayer (9). These results suggest that multivalent
binding to carbohydrates and E-cadherin in the context of the triskelion-shape of the full HA
complex is necessary to ensure its function. Furthermore, the HA complex may destabilize
adherens junctions by affecting E-cadherin homeostasis because the organization of
individual adherens junction is highly dynamic where E-cadherin is actively turned over
(24).

Given the observed cellular consequences of HA-E-cadherin interactions, we determined
the physiological significance of HA-E-cadherin and HA—carbohydrate interactions to the
oral toxicity of BONT/A in vivo. This question was directly addressed by comparing the oral
toxicity of BONT/A L-PTC (L-PTC/A) containing HA-WT versus mutant HA complex. To
do so, we developed a protocol to reconstitute the complete L-PTC/A, composed of a total
of 14 proteins (~760 kDa), using recombinant components expressed in E. coli (Fig. S9).
This allowed us to compare L-PTC/As that were all constructed in the same way and
contained the same active BoNT/A, with either HA-WT or mutant HA complex. The mouse
oral toxicity of the reconstituted wild-type L-PTC/A (rL-PTC-WT) is similar to native L-
PTC/A purified from C. botulinum (10). The rL-PTC-RSDA containing mutated HAs
deficient in E-cadherin binding (HA-RSDA) showed a greatly reduced oral toxicity as

Science. Author manuscript; available in PMC 2015 June 20.
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compared to the rL-PTC-WT under the same assay conditions (Fig. 3F). Thus the ability of
HA complex to bind E-cadherin and disrupt cell-cell junctions is critical for the oral toxicity
of BoNT/A in vivo. We also observed a significant reduction in oral toxicity for the rL-PTC-
DAFA/TPRA comprising a HA complex deficient in carbohydrate binding (a combination
of HA33-DAFA and HA70-TPRA) (Fig. 3F) (9), demonstrating that binding of HA complex to
carbohydrates is also important to facilitate BONT/A absorption in vivo, likely by enriching
L-PTC/A onto cell surfaces. Together, these results establish the physiological relevance of
HA-E-cadherin and HA—carbohydrate interactions to the extreme oral toxicity of BONT/A.
Our study also provides a framework to investigate the oral intoxication of some HA-less
BoNTSs (e.g., BONT/A2, E and F), which instead contain several orfX proteins, whose
expression and function are still unknown (2, 25).

Based on work described previously and presented here, we suggest the following model
(Fig. 4C). The abundant carbohydrates accumulate L-PTCs on the surface of the small
intestine to initiate absorption (9). Then some L-PTC may cross the epithelial cells by
transcytosis without interfering with the epithelial barrier, which could be mediated either by
BoNT or HASs although the underlying mechanism is not fully understood (26-28) (Fig. 4C,
step 1). Once the HA complexes gain access to the basolateral surface, they specifically bind
to E-cadherin and carbohydrates and disrupt E-cadherin-mediated cell-to-cell adhesion (Fig.
4C, step 2), thereby opening up the paracellular route for BONT absorption (Fig. 4C, step 3).

BoNTSs are the most potent bacterial toxins known. Our findings reveal the targeting of a
host protein by a component of the toxin complex to achieve efficient absorption through
possibly the most challenging route of entry into the circulation of humans or other animals.
Understanding this remarkable molecular machinery not only provides new targets for
therapeutic intervention against oral BoNT intoxication, but also could potentially guide the
development of new adherens junction modulators to enhance the permeability of the
intestinal epithelium to facilitate drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HA70 trimer

¥ 12-subunit £
HA complex

control HA-WT HASSAFA  HATOTPRA

B-catenin

E-cad

Fig. 1. The HA complex binds to E-cadherin and disrupts cell-cell adhesion
(A) Structural presentation of the HA complex comprising three HA70 (blue), three HA17

(yellow), and six HA33 (orange) (9). The moiety of the mini-HA complex is shown as a
transparent surface representation. (B) Knocking down (KD) E-cadherin (E-cad) in HT29
cells via a lenti-virus mediated ShRNA expression reduced cell binding of the HA complex
(25 nM, 90 min). Lenti-shRNA infected cells were marked with GFP. (C) Binding of HA-
WT, HA33-DAFA and HA70-TPRA complexes to HT29 cells (10 nM, 30 min). (D) HA-WT,
HA33-DAFA "and HA0-TPRA g disrupted cell-cell adhesion in HT29 cells (10 nM, 24 hrs),
marked by the separation of cells in both DIC images (upper panel) and
immunofluorescence images of E-cadherin (lower panel) and B-catenin (middle panel).
Scale bar: 20 um.
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Fig. 2. Structure of the HA-E-cadherin complex
(A) Structure of EC1-2 (red) bound to the mini-HA complex. Three E-cadherin-bound

calcium atoms are depicted as green balls. The view direction is similar to that shown in Fig.
1A. (B) A 90° rotation of the complex about a horizontal axis. (C) The HA-bound E-
cadherin (red) is superimposed with an E-cadherin (cyan) in the context of a trans dimer (its
binding partner is shown as a surface representation). Large conformational changes are
observed in the N-terminus of EC1 (residues 2—8 are shown as sticks). The residue Trp2 of
the HA-bound E-cadherin occupies a pocket that otherwise accommodates the swapped
Trp2 (dots representation) of its dimeric binding partner. (D) An open-book view of the
HA70P3/HA17-E-cadherin interface highlighted in the box in panel B. HA33 is omitted for
clarity. Residues on HA70/17 that form hydrogen bonds or salt bridges with E-cadherin are
red, whereas the E-cadherin residues that bind to HA70 and HA17 are blue and yellow,
respectively. Residues involved in hydrophobic interaction are in gray. (E-F) The mini-HA
complex is shown as a transparent surface representation. When an E-cadherin molecule is
modeled to form a trans dimer (orange ribbon in panel E) or an X-dimer (green ribbon in
panel F) with a HA-bound E-cadherin (red ribbon), it severely clashes with the HA complex.
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Fig. 3. The HA complex recognizes E-cadherin with high specificity to disrupt cell-cell adhesion
(A) Binding of the HA33-DAFA complex to the surface of CHO cells over-expressing WT or

mutant E-cadherin as indicated. (B) Binding of HA-WT or HA-RSDA to HT29 cells (10
nM, 30 min). (C) HA-RSDA failed to disrupt cell-cell adhesions (10 nM, 24 hrs). Scale bar:
20 um. (D) TER of polarized Caco-2 monolayers was measured after application of HA-WT
or HA-RSDA (n=3 +SD). (E) In contrast to HA-WT, HA-RSDA could not facilitate the flux
of FITC-dextran from apical to basolateral compartment (n=3 +SD). (F) Survival of mice
(n=10, combination of two experiments with 5 mice each) after being given by intragastric
gavage the reconstituted wild-type L-PTC (rL-PTC WT), rL-PTC RSDA that contains the E-
cadherin-binding deficient HAs, or rL-PTC DAFA/TPRA that contains the carbohydrate-
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binding deficient HAs.
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Fig. 4. The HA complex disrupts the ordered assembly of E-cadherin in the adherens junctions
(A) Structural model of the HA complex (pale cyan) bound with three E-cadherin

ectodomains (red). The lactose molecules bound to HA33 are in sphere models (9). (B)
Proposed binding mode of the HA complex on the cell surface in adherens junctions, viewed
along the proposed plane of the membrane. The HA complex could simultaneously bind to
membrane-anchored E-cadherin and carbohydrates. (C) Proposed model for transepithelial
delivery of the L-PTC. A small amount of L-PTC first crosses epithelial cells by transcytosis
(2). On basolateral side, the HA complex binds to E-cadherin and carbohydrates and disrupts
cell-to-cell adhesion (2). Finally, more L-PTCs are absorbed via the paracellular route (3).
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