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Botulinum neurotoxins (BoNTs) and tetanus neurotoxin are
the causative agents of the paralytic diseases botulism and teta-
nus, respectively. The potency of the clostridial neurotoxins
(CNTs) relies primarily on their highly specific binding to nerve
terminals and cleavage of SNARE proteins. Although individual
CNTs utilize distinct proteins for entry, they share common
ganglioside co-receptors. Here, we report the crystal structure
of the BoNT/F receptor-binding domain in complex with the
sugar moiety of ganglioside GDla. GD1a binds in a shallow
groove formed by the conserved peptide motif E... H...
SXWY ... G, with additional stabilizing interactions provided
by two arginine residues. Comparative analysis of BONT/F with
other CNTs revealed several differences in the interactions of
each toxin with ganglioside. Notably, exchange of BoNT/F His-
1241 with the corresponding lysine residue of BONT/E resulted
in increased affinity for GD1a and conferred the ability to bind
ganglioside GM1a. Conversely, BONT/E was not able to bind
GM1a, demonstrating a discrete mechanism of ganglioside rec-
ognition. These findings provide a structural basis for ganglio-
side binding among the CNTs and show that individual toxins
utilize unique ganglioside recognition strategies.

The seven serotypes of botulinum neurotoxin (BoNT/A—
G),”> notorious as the causative agents of botulism, are
extremely potent neuromuscular poisons (1-3). BONTs and the
structurally related tetanus neurotoxin (TeNT) constitute the
clostridial neurotoxin (CNT) family. Although experimental
evidence suggests that humans are sensitive to all CNTs, natu-
ral intoxications are associated only with TeNT and BoNT
serotypes A, B, E, and F (1-4). In their active form, CNT's exist
as dichain molecules linked by a single disulfide bond (3, 5, 6).
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CNTs are composed of an ~100-kDa heavy chain, which
includes the toxin receptor-binding (HCR) and translocation
domains, and an ~50-kDa light chain, which includes the pro-
tease domain. BoNT intoxication begins with the recognition of
the neuronal presynaptic membrane. The HCR recognizes two
co-receptor molecules (7); for serotypes that naturally intoxi-
cate humans, these are a ganglioside and a protein (8-14).
Upon receptor-mediated entry into the neuron and endosomal
acidification, the heavy chain translocation domain facilitates
translocation of the light chain into the host cell cytosol, where
the disulfide bond is reduced and the light chain is released
(15-18). The various light chains selectively cleave one or more
neuronal SNARE (soluble N-ethylmaleimide attachment pro-
tein receptor) proteins (19-22). SNARE proteolysis destabi-
lizes assembly of the SNARE core complex, abrogating synaptic
vesicle exocytosis (23—26). The result of this proteolysis is that
the innervated muscle or gland is paralyzed (27). Thus, BoNTs
can, in theory, be used to treat a range of neurological condi-
tions. TeNT intoxication is also initiated through recognition
of co-receptor moieties on the presynaptic membrane of motor
neurons. However, in contrast to the BoNTs, TeNT is rapidly
sorted into the retrograde axonal pathway, leading to localized
release of the toxin within the spinal cord. TeNT subsequently
binds and enters adjacent inhibitory interneurons, where its
catalytic activity is eventuated.

Early studies addressing CNT receptors present at nerve ter-
minals quickly established a requirement for gangliosides (28 —
31). Despite these observations, the molecular basis of ganglio-
side recognition and the role that such molecules play in
mediating toxin entry remain incomplete. BONTs A, B, and F
and TeNT all possess the conserved ganglioside-binding motif
(GBM) (E/D)...H...SXWY...G.BoNT/E possesses a simi-
lar motif (E... K... SXWY ... G), in which a lysine residue
presumably replaces the conserved histidine (10, 32, 33). The
GBM specifically associates with the GaINAc3-Gal4 moiety of
the ganglioside neutral core region. Most notable, however, is
that BoNTs bind only to gangliosides that have an «2,3-linked
N-acetylneuraminic acid residue (denoted Sia5) attached to
Gal4 of the oligosaccharide core (10, 33, 34), whereas the cor-
responding ganglioside-binding pocket on TeNT can also bind
to GM1a, a ganglioside lacking the Sia5 sugar residue (supple-
mental Fig. S1) (32, 35). Together, these observations suggest
that ganglioside-binding affinity and specificity are encoded by
residues located outside of the conserved motif.

In this study, the crystal structure of the HCR of BoNT/F in
complex with an oligosaccharide analog of ganglioside GD1a
(GD1a-0S) is reported. Structure-based functional studies
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were used to characterize the molecular properties of the inter-
action of BONT/E/F and TeNT with gangliosides. These studies
resulted in the development of a novel BONT neurotoxin sero-
type F variant able to bind ganglioside in a manner independent
of the Sia5 sugar residue. Additionally, these studies demon-
strate that the conserved GBM is necessary but not sufficient
for ganglioside binding and that additional residues, external to
the GBM, are required to stabilize CNT-ganglioside
interactions.

EXPERIMENTAL PROCEDURES

Reagents—Unless stated otherwise, molecular biology-grade
chemicals and reagents were obtained from Sigma-Aldrich.
Escherichia coli codon-optimized DNA constructs encoding
HCR/A (residues 870-1295, YP_001253342), HCR/E (resi-
dues 843-1250, CAA43998), HCR/F (residues 862-1278,
ADA79551), and HCR/T (residues 860-1310, AAK72964)
were synthesized by EZBiolab (Westfield, IN). Vinyl 96-well
plates (Corning Costar plate 2595) were obtained from Thermo
Fisher Scientific.

HCR Expression and Purification—DNAs encoding CNT
HCRs were subcloned into the pET-28 expression vector
(Merck KGaA, Darmstadt, Germany). Mutant forms of HCR/E,
HCR/F, and HCR/T were generated using the QuikChange II
XL site-directed mutagenesis kit (Agilent) in accordance with
the manufacturer’s instructions. Purification of HCRs from
E. coli BL21(DE3) was conducted as described previously (10)
except that peak fractions from the Sephacryl S-200 HR column
were concentrated using Amicon filtration devices (YM-50-
type membrane). A typical purification from a 1-liter culture
yielded between 5 and 25 mg of HCR depending on the
serotype.

Trypsin Digests of Recombinant HCR Proteins—Briefly,
recombinant HCR proteins (2 ug) were partially digested for 30
min at room temperature with trypsin (22.5 and 200 ng for
HCR/F and HCR/E, respectively). SDS-PAGE loading dye was
added to quench the digest, and the sample was loaded directly
onto SDS-polyacrylamide gels. Proteins were visualized by
staining with Coomassie Blue dye. Trypsin digestion did not
reveal any differences in protein folding/stability (data not
shown).

Crystallization, Data Collection, and Structure Solution and
Refinement—Purified HCR/F was dialyzed against 20 mm Tris-
HCI (pH 7.6) containing 500 mm NaCl and concentrated to a
final concentration of 5 mg/ml. An oligosaccharide analog of
ganglioside GD1a (GD1a-OS) was added to the concentrated
HCR/F solution and incubated for several hours prior to the
crystallization setup. Crystals were obtained by vapor diffusion
using hanging drop techniques. Hanging drops containing 2 ul
of 5 mg/ml HCR/F, 0.8 mm GD1a-OS, and 2 ul of well solution
(100 mm HEPES (pH 7.0), 24% PEG 3350, and 200 mm
Mg(NO,),) were equilibrated against 0.5 ml of the well solution
at 19 °C. The crystals of HCR/F complexed with the GD1a-OS
belong to the triclinic space group P1, with cell dimensions a =
65.5,b=84.3,andc=117.6 Aand « = 72.6°, B = 67.1°,and y =
84.1°. There are four molecules in an asymmetric unit with a
Matthews coefficient of 2.8 A*/Da. The 2.4 A data used in the
initial molecular replacement were obtained at —175 °C using
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an in-house R-AXIS IV+ + detector. HKL2000 (36) was used in
the data processing. The 2.0 A data used for the later stages of
refinement were collected at Advanced Photon Source beam-
line SBC 19ID. Statistics for data collection and processing are
summarized in Table 1.

The structure of the HCR/F-GD1a-OS complex was solved
by the molecular replacement method with MOLREP within
the CCP4 program suite (37) in the resolution range of 20 —4.0
A. The monomer structure of apo-HCR/F (Protein Data Bank
code 3FUQ) was used as the search model. The initial structure
obtained from molecular replacement was refined using the
program CNS (38). The refinement protocol consisted of rigid
body minimization, positional and temperature factor refine-
ment, and simulated annealing. The coordinates of the
GD1a-OS were obtained by modification of GT1b (Protein
Data Bank code 1FV2). Sialic acid 7 of GT1b was deleted, and
the B-form of sialic acid 6 was changed to the a-form. At this
point, only part of the GD1a sugar moiety was visible in the F, —
F, difference map at the 20 level. In one of the four molecules in
the asymmetric unit, five sugar rings (Gal2(Sia6)-GalNAc3-
Gal4-Sia5) can be fit into the density, four sugar rings can be fit
into the second molecule (Gal2-GalNAc3-Gal4-Sia5), whereas
only three sugar moieties (GaINAc3-Gal4-Sia5) can be found in
the remaining two molecules. The structure was further refined
with alternating manual adjustments using the TURBO-
FRODO program package. The current model was completed
with R, g1/ Rree values of 0.232/0.263. The statistics of struc-
tural refinement are given in Table 1.

Ganglioside Binding Assay—Purified bovine brain ganglio-
sides (GD1a or GM1a; Sigma) dissolved in methanol (1 mg/ml)
were diluted in methanol and applied to non-protein-binding
96-well plates (5 ug of ganglioside/well). The solvent was evap-
orated at room temperature, and wells were washed with PBS
and 0.04% (v/v) Tween 20. Nonspecific binding sites were
blocked by incubation for 1 h in sodium carbonate buffer (pH
9.6) with 2% (w/v) BSA and 0.04% (v/v) Tween 20. Binding
assays were performed in 100 ul of PBS with 0.04% (v/v) Tween
20 and 1% (w/v) BSA per well for 2 h at 4 °C and contained the
designated HCR at the indicated concentrations. To control for
potential effects caused by the proximity of the ligands to the
plastic matrix, incomplete coating of substrates, etc., the appro-
priate wild-type HCR was used as an internal standard for each
assay. Following incubation, plates were washed three times
with PBS and 0.04% (v/v) Tween 20. An anti-FLAG monoclonal
antibody M2 (1:8000; Sigma-Aldrich) and goat anti-mouse
poly-HRP antibody (1:12,000; Pierce) mixture was added to
wells for 20 min at 4 °C. Following incubation, plates were
washed three times with PBS and 0.04% (v/v) Tween 20, and
bound HCR was detected using Ultra TMB (Pierce) as the sub-
strate for HRP. The reaction was terminated by the addition of
0.1 M H,SO,, and the absorbance at 450 nm was determined
using an Epoch plate reader (BioTek).

Statistical Analysis—Half-maximal binding (B;,) was esti-
mated by fitting (R* > 0.90) the data to the one-site binding
equation (Y = B, X/(K, + X)) using GraphPad Prism. Data
with R? < 0.90 were designated as Bs, > 10,000 nm.
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FIGURE 1. Wild-type HCR binding kinetics. Various concentrations of
recombinant HCRs were examined for their ability to bind GD1a: HCR/A (@),
HCR/E (M), and HCR/F (A). B, values represent half-maximal binding to the
ganglioside. All values represent the arithmetic mean = S.D. of at least four
independent experiments performed in triplicate.

RESULTS

Properties of Binding of BONT HCRs to GDIla—Although
CNTs utilize gangliosides as co-receptor molecules for entry,
our understanding of the mechanism(s) of ganglioside binding
remains incomplete. Comparative analysis revealed that the
HCRs of BONTSs A, E, and F display distinct affinities for binding
to ganglioside GD1a, with HCR/F binding GDla ~3-fold
higher than HCR/E and 9-fold higher than HCR/A (Fig. 1). To
better understand the mechanistic basis for these differences,
we solved the crystal structure of HCR/F in complex with an
analog of the GD1a-OS and conducted mutagenesis and bind-
ing studies to further characterize this interaction.

Structure of HCR/F in Complex with the GDla-OS—The
crystal structure of HCR/F in complex with an oligosaccharide
analog of GD1a (GD1a-OS) was determined to a resolution of
2.0 A by the molecular replacement method (Fig. 24 and Table
1). All of the monosaccharides in the GD1a analog were clearly
defined by the electron density with the exception of glucose 1
(Fig. 2B). The structure of GD1a-OS-bound HCR/F is similar to
the apo state (Protein Data Bank code 3FUQ), with an overall
root mean square deviation of 0.5 A (368 Ca atoms), with the
notable exception of HCR/F residue Arg-1256, which under-
goes a rotamer change upon binding. The GD1a-OS is bound at
the distal tip of HCR/F, in a shallow groove formed by the side
chains of His-1241 and Trp-1250, with Ser-1248 and Tyr-1251
forming the base of the pocket. The GalNAc3-Gal4 sugars of
the GD1a-OS interact extensively with this site (Fig. 2C). The
hydrophobic faces of both sugar rings are stacked against the
indole ring of Trp-1250, whereas the polar faces are hydrogen-
bonded to the protein (Fig. 2C and supplemental Table S1).
Glu-1195 forms hydrogen bonds with both GalNAc3 and Gal4,
whereas the side chains of His-1241 and Ser-1248 and the main
chain carbonyl oxygens of Phe-1240 and His-1241 hydrogen
bond to Gal4. Additional hydrogen bonds between HCR/F and
Sia5 are formed by Arg-1111 and Arg-1256 and two bridging
water molecules (Fig. 2C and supplemental Table S2).

Two Sia5-binding Arginine Residues Stabilize the HCR/
FGDI1a-0S Complex—The importance of several residues in
the binding of HCR/F to ganglioside GT1b has previously been
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identified by mutational studies (10). Mutations that lowered
the affinity of HCR/F for GT1b were residues that make direct
interactions with the GD1la carbohydrate moiety (Fig. 2C),
which included Glu-1195, Ser-1248, and Trp-1250 (10). In
addition, mutation of Tyr-1251 to Phe also reduced affinity for
the ganglioside, an observation consistent with Tyr-1251 form-
ing a hydrogen bond with Sia5 via a bridging water molecule
(Fig. 2C and supplemental Table S2). However, the residues
composing the conserved GBM cannot explain why binding of
HCR/F to the ganglioside is dependent on the Sia5 sugar. The
HCR/F-GD1a-OS complex identified two arginine residues
(Arg-1111 and Arg-1256) that facilitate binding to the ganglio-
side through the formation of hydrogen bonds with Sia5 (Fig.
2C). These two arginine residues are not conserved among the
BoNTs, suggesting there may be different mechanisms for gan-
glioside binding among the serotypes. Arg-1256 forms two
hydrogen bonds with Sia5 (one direct and one via a bridging
water molecule), and its mutation to alanine resulted in a
23-fold decrease in binding affinity, whereas mutation of Arg-
1111 to alanine reduced the binding affinity by 8-fold (Fig. 3). By
comparison, when both arginine residues were mutated, the
binding affinity was 76-fold lower compared with the wild type,
which is in agreement with our previous studies demonstrating
the requirement of Sia5 for high affinity ganglioside binding
(10).

HCR/F and HCR/E Bind GDIla by Distinct Mechanisms—
BoNT/E is the most closely related CNT to BoNT/F, with a
similarity score of 58.0% (ClustalW software) within the HCR.
We therefore compared the HCR/F-GD1a-OS complex struc-
ture with the HCR derived from the previously solved structure
of BONT/E (Protein Data Bank code 3FFZ). Superposition anal-
ysis confirmed that the ganglioside-binding site of HCR/E is
largely conserved, with Lys-1215 potentially fulfilling the role of
His-1241 in HCR/F (Fig. 4). This was confirmed by mutation of
Lys-1215 to histidine, resulting in a 19-fold decrease in binding
affinity for GD1a; mutation to alanine abrogated binding (Fig.
5A). Another notable difference is the HCR/E loop located
between a-helix 3 and B-strand 35 (residues 1228-1240),
which has adopted a unique conformation relative to HCR/F.
The Sia5-binding residues analogous to Arg-1111 and Arg-
1256 in HCR/F are Lys-1093 and Arg-1230 in HCR/E (Fig. 4 and
supplemental Fig. S2). However, mutation of Lys-1093 to ala-
nine or arginine (the corresponding residue in HCR/F) had no
effect on ganglioside binding. Similarly, mutation of Arg-1230
to alanine did not affect the ganglioside-binding activity of
HCRV/E (Table 2). Thus, the unique role of Arg-1111 and Arg-
1256 in HCR/F receptor binding highlights a key difference in
the mechanism of ganglioside recognition between the two
serotypes.

Next, we investigated the effect of replacing histidine with
lysine at the reciprocal position in HCR/F (H1241K). As shown
in Fig. 5B, HCR/F""**'* bound GD1a with 65-fold higher affin-
ity than the wild type. We next investigated whether the loss of
the interaction between Sia5 and Arg-1111 and Arg-1256 could
be compensated for by the replacement of His-1241 with lysine.
The triple-mutant protein HCR/FR!MHAHI2ALORIZE6A 140
GD1a with a B, value 17-fold greater than the double-mutant
protein HCR/FRM1IARI2S6A (Bio 5C), These data demonstrate
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A

FIGURE 2. Structure of HCR/F in complex with the GD1a-0S. A, schematic representation of HCR/F shown in green. The GD1a-OS is shown as atomic color
sticks. B, o, weighted F, — F_ omit map of the GD1a-OS contoured at 3.00. Electron density for glucose 1 (shown in gray) is not well defined. C, ribbon
representation of the complex illustrating the positioning of the GD1a-OS in the ganglioside-binding cleft and the intermolecular hydrogen bond interactions.
The two bridging water molecules are shown as red spheres. Residues not previously identified as contributing to ganglioside binding are highlighted asterisks.

TABLE 1
Data collection and refinement statistics (molecular replacement)
HCR/F-GD1a
Data collection
Space group P1 )
Cell dimensions a=655b=2843,¢c=1176 A; a = 72.6°, B = 67.1°, y = 84.1°
Resolution (A) 30-2.0 (2.03-2.0)*
Ry 0.059/0.409
I/ol 16.2 (2.1)
Completeness (%) 93.2 (65.5)
Redundancy 2.5(2.2)
No. of molecules/asymmetric unit 4
Refinement
Resolution (A) 30-2.0
No. reflections 346,226
Reryseat/ Revee 0.232/0.263
No. of atoms
Protein 13,272
Ligand/ion 226
Water 424
B-factors(A?)
Protein 41.1
Ligand/ion 70.0
Water 39.3
r.m.s.d.? .
Bond lengths (A) 0.007
Bond angles 1.4°
Ramachandran plot (%)
Most favored 82.7
Additionally allowed 16.5
Generously allowed 0.8
Disallowed 0.0

“Values in parentheses are for the highest resolution shell.
% r.m.s.d., root mean square deviation.
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FIGURE 3. Two arginine residues facilitate ganglioside binding at the Sia5
position. Various concentrations of recombinant HCR/F proteins were exam-
ined for their ability to bind GD1a: wild type (A), R1111A (¥), R1256A (#),and
R1111A,R1256A (). Bsy values represent half-maximal binding to ganglio-
side. All values represent the arithmetic mean = S.D. of two independent
experiments performed in triplicate.
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FIGURE 4. Superposition of the HCR/E and HCR/F ganglioside-binding
pockets. Shown is a ribbon representation of HCR/F overlaid with the iso-
lated HCR of BONT/E (Protein Data Bank code 3FFZ). Residues constituting the
conserved GBM of HCR/F and HCR/E are shown (stick representation). The key
Arg-1111, His-1241, and Arg-1256 residues of HCR/F and the corresponding
residues of HCR/E are highlighted (stick representation, atomic color). The
altered loop region for HCR/F (lle-1255-Asn-1262) is shown in green, and that
for HCR/E (Met-1229-Asn-1236) is in yellow.

AR

that the substitution of histidine with lysine in the consensus
motif (E...H...SXWY ...QG) confers greater binding affinity
(~20-fold) to the GalNAc3-Gal4 region of the ganglioside.
Unique Ganglioside Specificities of HCR/E and HCR/F7"?*% —
On the basis of the observation that substitution of HCR/F
His-1241 with lysine increased the affinity for the GalNAc3-
Gal4 moiety of GDla (Fig. 5, B and C), we reasoned that
HCR/F™?*'X might bind the ganglioside with high affinity in a
Sia5-independent manner. Consistent with our hypothesis,
HCR/F"?**'* bound GM1a with a B, value of 175 nm, whereas
wild-type HCR/F had a B, value beyond the limit of the assay
(Fig. 5D). Although substitution of His-1241 with lysine con-
ferred ganglioside binding to HCR/F in the absence of Sia5,
wild-type HCR/E did not bind GM1a (Fig. 5D). This demon-
strates that, similar to the other BoNT serotypes, HCR/E
requires the presence of Sia5 to bind ganglioside. Furthermore,
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these observations highlight the unique ganglioside recognition
strategies employed by BoNT serotypes E and F.

A Unique Asparagine Residue Stabilizes HCR/
Ganglioside Complexes—Numerous structural and biochemical
studies have established that HCR/T contains two carbohy-
drate-binding sites: a lactose-binding site defined by the con-
served GBM and a second sialic acid-binding site defined by a
critical arginine residue (Arg-1226) (32, 35, 39). Therefore, to
directly compare binding mediated through the conserved
GBM, it is necessary to use a mutant form of the TeNT HCR
(HCR/T®'*2°Y) in which the sialic acid-binding site is inacti-
vated (32, 39). As shown in Fig. 6, HCR/T®*??°* bound to the
ganglioside with a similar affinity as HCR/F. Previous structural
and biochemical studies identified a unique asparagine residue
within the lactose-binding site (Asn-1219) that interacts with
ganglioside GT1b (32, 39, 40). To confirm the role of Asn-1219
in ganglioside binding, we screened the double-mutant HCR/T
protein (HCR/TN2194-R1226Ly iny which both ganglioside-bind-
ing sites were mutated. Substitution of Asn-1219 with alanine
abrogated binding to ganglioside GD1a (Fig. 6), consistent with
the hypothesis that the GBM is necessary but not sufficient for
ganglioside binding.

12261,

DISCUSSION

The binding of CNT's to nerve terminals is mediated through
interactions with co-receptor moieties. Whereas TeNT dis-
plays high affinity for both a- and b-series gangliosides, BONT
serotypes associated with natural human intoxication (A, B, E,
and F) preferentially bind to the terminal Gal4-Sia5 moiety of
gangliosides GT1b and GD1a (supplemental Fig. S1) (10, 35,
39). Structural studies of HCR/A and HCR/T in complex with
analogs of GT1b (Protein Data Bank codes 2VU9 and 1FV2,
respectively) (40, 41) revealed that the ganglioside-binding
pocket is largely defined by residues of the GBM ((E/D)...
H...SXWY...G).

Here, we reported the crystal structure of the HCR of
BoNT/F in complex with an analog of ganglioside GDla
(GD1a-0S). Similar to the BONT/A*GT1b complex (41), the
lack of structural changes upon GD1a-OS binding suggests that
allosteric effects do not play a major role in the recognition of
the SV2 protein co-receptor by HCR/F (10). HCR/F binds the
GD1a-0S at the same binding site and in a similar manner to
BoNT/A (Fig. 2) with a few noticeable differences. The carbonyl
oxygen of HCR/F His-1241 is rotated toward the binding cleft
and forms a hydrogen bond with Gal4, which is not present in
BoNTs A, B, and E or TeNT. Another difference is in the coor-
dination of the Sia5 moiety within GD1a, where Arg-1111 and
Arg-1256 make bonds with Sia5 to stabilize ganglioside binding
within the pocket (Figs. 2C and 3). Although dual substitution
of both residues reduced affinity for GD1a (~76-fold) (Table 2),
it did not ablate binding. In contrast, wild-type HCR/F did not
bind GM1a, a ganglioside lacking Sia5 (Fig. 5D) (10) . We there-
fore propose that binding of HCR/F to Sia5 is additionally sta-
bilized through hydrophobic interactions of the Sia5 ring with
the side chains of Leu-1110 and Phe-1240 and the aliphatic
moiety of Arg-1111. The presence of hydrophobic groups at the
corresponding positions in BoNTs A and E suggests that this
may be a conserved interaction shared among a subset of the
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FIGURE 5. Comparative analysis of HCR binding to gangliosides GD1a and GM1a. Various concentrations of the recombinant HCRs were examined for their
ability to bind GD1a. A, HCR/E (M), HCR/EX'2'** (O), and HCR/EX'2"*H (). B, HCR/F (A) and HCR/FH"241€ (A). C, HCR/FRTTAMI24TKRIZS6A () and HCR/

FR'I 111A,R1256A (

@®; compared using data from Fig. 3). D, various concentrations of recombinant HCR/E (M), HCR/F (A), and HCR/FH1247% (A) were examined for

their ability to bind GM1a. B, values represent half-maximal binding to ganglioside. Values represent the arithmetic mean = S.D. of three independent

experiments performed in triplicate.

TABLE 2

HCR variant -fold change in ganglioside binding compared with wild-
type HCR

Protein Relative affinity”
HCR/ERM!1A 0.13
HCR/FR12%04 0.04
HCR/FRIIIIA,RI‘ZSGA 0.01
HCR/FH12#1K 65
HCR/FRllllA,HlZ/lle’RlZSEvA 0‘25
HCR/EKIOQBA 4
HcR/EI(IOQBR 1
HCR/EK1215A
HCR/EX!>15H 0.05
HCR/ER!304 0.59

“ Values standardized to the wild-type control for each data set.

BoNTs. In TeNT (which does not require Sia5 for ganglioside
binding), the comparable residues are Ala-1134, Ser-1135, and
Thr-1270, and thus, hydrophobic interactions are largely
absent.

The ganglioside-binding pockets of BoNTs A, B, and F and
TeNT are all characterized by the presence of the consensus
GBM ((E/D)...H...SXWY ... Q). Although residues within
the GBM are necessary for interaction with the GalNAc3-Gal4
moiety, the GBM is not sufficient to facilitate ganglioside bind-
ing. Thus, additional residues are required to stabilize the inter-
action between the toxin and the ganglioside (summarized in
Fig. 7). In the case of HCR/A, Tyr-1117 and Ser-1275 form
hydrogen bonds with Sia5, which, in conjunction with addi-
tional hydrophobic interactions between the HCR and Sia5, act
to stabilize ganglioside binding (41). Although Tyr-1117 and
Ser-1275 of HCR/A are not conserved among the BoNTs, our
studies have revealed that Arg-1111 and Arg-1256 perform an
analogous function in HCR/F (Figs. 2C and 7). We therefore
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FIGURE 6. Mutational analysis of the lactose-binding site in the tetanus
receptor-binding domain (HCR/T). The lactose-binding binding site in
HCR/T is structurally similar to the ganglioside-binding site in the botulinum
HCRs. Various concentrations of the recombinant wild-type and variant HCRs
for HCR/T?122L (O), HCR/F (A), and HCR/TN1219AR1226L (@) \yere examined for
their ability to bind GD1a. B, values represent half-maximal binding to gan-
glioside. All values represent the arithmetic mean * S.D. of two independent
experiments performed in triplicate.

propose that binding of Sia5 through residues located outside of
the GBM is a mechanism shared by BONTs A and F. Structural
and biochemical studies of TeNT confirmed that ganglioside
binding is not dependent on Sia5, as is the case for BONTs A, B,
E, and F (39, 40). Rather, TeNT stabilizes its binding to ganglio-
sides through a unique asparagine residue (Asn-1219) that
hydrogen bonds to GalNAc3 (Figs. 6 and 7) (32, 40). Mutation
of Asn-1219 abrogated binding to GDIla (this study) and
severely attenuated cellular toxicity, consistent with the con-
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FIGURE 7. Schematic of HCR-mediated ganglioside binding. In each of the
panels, monosaccharides are represented by hexagons. GalNAc3 and Gal4 are
colored in light gray, whereas Sia5 is colored in dark gray. HCR amino acid
residues involved in ganglioside binding are represented using their single-
letter codes. Hydrogen bonds are indicated by dotted lines between the
amino acid in question and the indicated sugar.

cept that the GBM alone is insufficient to mediate ganglioside
binding (32). Therefore, Asn-1219 fulfills a function in TeNT
analogous to the role of residues that hydrogen bond to Sia5 in
the BoNTs. However, the interaction of Asn-1219 with Gal-
NAc3, rather than Sia5, confers upon TeNT the unique ability
to bind gangliosides such as GM1a (supplemental Fig. S1).

Although the overall architecture of the BoNT/E ganglio-
side-binding pocket is conserved among the CNTs, the con-
served GBM is not present. Rather, BONT/E possesses a similar
motif (E... K... SXWY... G) in which a lysine residue
replaces the conserved histidine. Studies of both wild-type and
mutant forms of HCR/E and HCR/F (Fig. 5, A and B) demon-
strated that substitution of histidine with lysine within the
GBM increased affinity for the GalNAc3-Gal4 moiety by ~20-
fold. At present, the mechanism by which replacement of his-
tidine with lysine changes affinity for the ganglioside remains
unclear. Molecular modeling studies suggest that the lysine side
chain can potentially form two additional hydrogen bonds with
the GD1a-OS relative to histidine (data not shown), which
could account for the increased affinity for GD1a. Studies to
co-crystallize the HCR/F™?*' ¥ protein with GD1a-OS are cur-
rently under way.

In addition to increasing affinity for GD1a, replacement of
HCR/F His-1241 with lysine was sufficient to alleviate the
dependence of HCR/F on the Sia5 sugar, conferring the ability
to bind ganglioside GM1a (Fig. 5D). This observation is consist-
ent with our model that residues forming the conserved GBM
are necessary but not sufficient to mediate ganglioside binding
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(Fig. 7). To our knowledge, this is the first demonstration of a
mutation resulting in an altered ganglioside-binding specificity.

Given these observations, we anticipated that HCR/E would
bind gangliosides in a manner reminiscent of the HCR/F'?*!¥
protein. However, binding of HCR/E to ganglioside GM1a was
not detectable under our assay conditions. This raised the obvi-
ous question of why HCR/E is dependent on Sia5 for ganglio-
side binding. Superposition analysis of HCR/E (Protein Data
Bank code 3FFZ) revealed a major difference in conformation
of the loop region (residues 1228 —1240) linking the conserved
tyrosine and glycine of the GBM (Fig. 4). However, the intro-
duction of this loop into the corresponding region of HCR/
FH1241K did not prevent binding of the protein to GM1a (data
not shown). This suggests that the conformation of this loop
region is not the major determinant of ganglioside-binding
specificity. This is further supported by our observation that
HCR/E Arg-1230 does not fulfill a role analogous to the corre-
sponding residue in HCR/F (Arg-1256) (Table 2). Ongoing
studies to co-crystallize HCR/E with the GD1a-OS will likely
explain the dependence of HCR/E on Sia5 for ganglioside
binding.

Preliminary experiments suggest that binding and entry of
HCR/F™?* ¥ into cultured neurons occur via the same mech-
anism as for the wild-type protein, albeit at significantly lower
concentrations (data not shown). Replacement of histidine
with lysine did not alter the sensitivity of binding to pH, as both
the wild-type and mutant proteins bound GD1a with similar
affinities under conditions ranging from pH 4.5 to 7.5 (data not
shown). This observation suggests that BONT/F remains bound
to the ganglioside under conditions encountered within the
endosome. Moreover, the increased ganglioside-binding affin-
ity of HCR/F"'>*!¥ is unlikely to affect light chain transloca-
tion. Presumably, the increased binding and entry of HCR/
FH1241K into cultured neurons will translate into increased
toxicity of the BONT/F™>*X holotoxin. If developed as a phar-
macologic agent, this engineered form of BONT may enhance
the treatment of neurological disorders. In conclusion, this
study has demonstrated that residues located outside of the
conserved GBM contribute to both ganglioside-binding affinity
and specificity and may assist in explaining the differing path-
ological manifestations of the CNTs.
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