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Fig. 2. Parabolic regression curves for flocculation assays of dibhtv_l‘]priﬁa toxoid at the 25 Lf/ml level. Time required to reach a particle count of 50,000
was extracted from recorded data for Dtd A at the 25 Lf/m! level and plotted. Raw data and parabolic regression curves are shown. A (5 data points),
data and regression curve from assays using 18.75, 22.5,25, 27.5 and 31.25 units/m! of antitoxin and approximately 25 Lf/ml of toxoid. B (4 data
points), 18.75, 22.5, 27.5 and 31.25 units/ml of antitoxin. C (3 data points), 18.75, 25 and 31.25 units/ml of antitoxin. D (3 data points), 22.5, 25 and
27.5 units/ml of antitoxin. E (3 data points), 18.75,27.5 and 31.25 units/ml of antitoxin. F (3 data points), 18.75,22.5 and 31.25 units/ml of antitoxin.
G (3 data points), 25, 27.5 and 31.25 units/ml.of inii_t,qxin. H (3 data poihts), 18.75, 22.5 and 235 units/ml of antitoxin.

Fig. 1E shows the results of 50 Lf/ml level assays
carried out with Dtd from another manufacturer (Dtd B)
with 37.5, 50 and 62.5 units/ml, again showing
quantitative properties with clear differences between
the three curves. Similarly, Ttd from manufacturer A
(Ttd A) and the Japanese reference tetanus antitoxin for
flocculation at the 50 Lf/ml level exhibited different
curve patterns depending on antitoxin content. The time
needed before the initiation of flocculation was longer
than in the case of diphtheria toxoid (Fig. 1F).

3.3. Statistical analyses

In order to investigate the reliability of the light
scattering assays and to establish a quantitative system,
further measurements were done on Dtd A and the
results were rigorously analyzed using statistical

methods. The measurements, including those described
above, were done with 18.75, 22.5, 25, 27.5 and
31.25 units/ml of antitoxin for 25 Lf/ml level assays and
37.5, 45, 50, 55 and 62.5 units/ml of antitoxin for 50 L{/
ml level assays, as depicted in Fig. IB and D,
respectively. The measurements were repeated nine
times for 25 units/ml, four times each for 18.75 and 22.5
and three times each for 27.5 and 31.25 units/ml for
25 Lf/ml level assays. For assays at the 50 Lf/ml level,
measurements were repeated eight times for 50 units/ml
and three times each for the other concentrations. From
the data, the time required for reaching particle counts of
10,000, 20,000, 50,000, 100,000 and 150,000 were
extracted and log-transformed for further analysis.
Bartlett’s test showed that homogeneity of variance
was generally attained for the groups of repeated particle
counts for each antitoxin dose (data not shown). Log-
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Fig. 3. Parabolic regression curves for flocculation assays of diphtheria toxoid at the 50 Lf/ml level. Raw data at the 50 Lf/ml level assays for Dtd A
and parabolic regression curves are shown. A (5 data points), data and regression curve from assays using 37.5, 45, 50, 55 and 62.5 units/ml of
antitoxin and approximately 50 Lf/ml of toxoid. B (4 data points), 37. 5, 45, 55 and 62.5 units/m! of antitoxin. C (3 data points), 37.5, 50 and
62.5 units/ml of antitoxin. D (3 data points), 45, 50 and 55 units/m! of antitoxin. E (3 data points), 37.5, 55 and 62.5 units/ml of antitoxin. F (3 data
points), 37.5, 45 and 62.5 units/ml of antitoxin. G (3 ¢ dma pomts) 50, 55 and 62.5 units/m! of antitoxin. H (3 data points). 37.5, 45 and 50 units/ml of
antitoxin. N

time data for 50,000 counts of both 25 and 50 Lf/ml for the mixture of toxoid and antitoxin at the most
level assays were plotted against- log[antltoxm] as appropriate ratio and a parabolic curve has been
examples (Figs. 2A and 3A).. The Lf measurement is proposed to represent the time required for forming of
based on the fact that the fastest flocculation takes place visible toxoid—antitoxin complex for varied antitoxin

Table 2 :
Deviation from quadratic regnessmn curves in light scattering assays for diphtheria toxoid from manufacturer A

Dcvmhon from quadrallc equation at threshold particle count of

B 10,000 20,000 50,000 100,000 150,000
25 Lf/m! level® “Variance 249x107% 9.33%1073 298x107* 347%107° 4.03%107*
Error 6.51<107% 5.89x107*% 5.66%107% 7.07>107* 1.31%107°3

F value 0.382 0.158 0.526 0.491 0.307
50 Lf/ml level® Variance 2061074 1.39x 107" 1.88x107* 2.82%107% 3.78x10°*
Error 433%107* 2.87%1074 2641077 2932107 3.66x10°°

F value 0.476 0.484 0.711 0.965 1.031

# Calculated from results of assays containing 18.75 (n1=4), 22.5 (n=4), 25 (n=9), 375 (n=3) and 31.25 (7=3) units/ml of antitoxin.
® Calculated from results of assays containing 37.5 (n=3), 45 (n=3), 50 (n=8), 55 (n=3) and 62.5 (;1=3) units/ml of antitoxin.
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Table 3
Estimated Lf values by different methods of sampling in light scattering assays for diphtheria toxoid from manufacturer A

Estimated Lf values by assays using datapoints of

5 doses® 4 doses® 3 doses-1° 3 doses-2° 3 doses-3° 3 doses-4' 3 doses-5*¢ 3 dose-6"
25 Lf/ml level 190.8 191.0 1911 186.8 191.1 191.3 190.2 187.8
50 Lf/ml level 195.8 195.7 196.2 189.6

ah

-~

corresponds to Figs. 2 snd 3 panel A to H, respectively.

concentrations in the flocculation assay (Levine and
Wvman, 1963; Lyng and Bentzon. 1987). Accordingly,
a quadratic regression analysis was carried out to fit an
equation to the relation of log[antitoxin] and log-time
for reaching 50,000 counts (Figs. 2A and 3A).
Calculated F-values showed that deviation of the log-
time data from the parabolic regression curve was small
enough for all threshold particle counts (Table 2). The Lf
value, therefore, could be calculated as the local
minimum of the parabolic curve.

To examine possible simplifications of the test,
various combinations of antitoxin concentrations and
log-time data were selected from repeated measure-
ments described above to construct data sets of smaller
numbers of doses and repetitions to calculate
corresponding Lf values. '

Parabolic curves were fitted to the data sets -
constructed from a reduced number of doses by the .
quadratic regression analysis, and the results on the .-

selected data sets of assays at the threshold of 50,000
particle counts are depicted in Figs. 2B-H and 3B-H
for 25 and 50 Lf/ml level assays, respectively. Lf values
calculated for the data sets in Figs. 2 and 3 are
summarized in Table 3. Calculated Lf values agree well
with the values from observations. by eye. Values
calculated by the four-dose results : (b) were shown to
be consistent with the five-dose results (a). Three-dose
results also yielded consistent result§_ for Lf estimation
comparable to the five-dose results provided that the
doses were selected so that the expected value of Lf was
included within the range (Figs. 2 and 3C-G). This
suggests the feasibility of three-dose assays.
Reproducibility of the light-scattering flocculation
assay with fewer repeated measurements was assessed.

Table 4

196.1 - 1959 198.6 189.7

The data selection for repeats was done in the following
way: 1) for doses with- not more than triplicate
measurements, all data'were selected, 2) for doses.
with data from quadrupllcate or more measurements, the
maximum value, the: ,.m;mmum value and a median
value (or an average of median values) were selected.

- All possible combinations of duplicated data for each

five-dose assay were generated from the results of five-
dose assays at the 50 Lf level and 25 Lf level of Dtd to

construct'3> =243 data sets (two among three data points
each for. ﬁve doses) for each Lf level. Each of the
selected data sets was fitted with a quadratic equation to
calculate Lf values, and reproducibility of Lf estimation
was assessed as the extent of variance of log-Lf values.

;ij'_'Six_nilar analyses were carried out for all threshold
" particle counts for both 25 Lf and 50 Lf levels and the

results are summarized in Table 4. Lf values calculated

" for all possible data sets of two repeated measurements

for five doses showed very small variation, as seen in
Table 4.

As the light-scattering flocculation assay was shown .
to have excellent precision, the possibility of simplify-
ing the assay was examined by further reducing the data
set from 5 doses to 3 doses, and by reducing the repeat
number to duplicate or single assays. Similar to the
above-mentioned data sets, single or duplicated data
were generated for three or five doses of antitoxin.
Selected data sets were then fitted with quadratic
equations to calculate Lf values. Reproducibility of the
Lf assessments was compared as differences in the
magnitude of variation between three-dose and five-
dose assays -and also between single and duplicate
measurements. Variance of log(estimated Lf), calculated
from the data at 50 Lf/ml level at the threshold count of

Variance of estimated Lf values in light scattering assays for diphtheria toxoid from manufacturer A

Variance of log(estimated L) at threshold particle count of

10,000 _ 20,000 50,000 160,000
25 Liml level® (n=243) 5.90%107° 7.06%107° 7.18x107° 4.05%107°
50 Lfiml level® (n=243) 2.83x107¢ 4.00x10°¢ 3.93%107¢ 1.61x107¢

? performed by sclecting all possible random combinations of data points as described in the text.



M. Iwaki et al. / Journal of Immunological Methods 318 (2007) 138-146 145

50,000, for example, indicated that variation of log-Lf
values for five-dose assays was comparable with or 1.5
times smaller than that for three-dose assays (for single
measurements, 3.69x 107> at 5 doses vs. 5.79 x 1073

3 doses; for duplicate measurements, 7.42x107° at 5
doses vs. 1.20x 107> at 3 doses). In contrast, the above
data indicate that reducing the number of measurements
from duplicate to single decreased reproducibility
approximately 4.8 times.

4. Discussion

In the present study, we have described a novel
detection system for toxoid flocculation assays, using a
laser light-scattering platelet aggregometer. The system
provides a highly reproducible, quantitative toxoid
flocculation assay, giving statistically acceptable results
provided that at least three doses of antitoxin against one
fixed dose of toxoid are employed in duplicate
measurements.

As the Lf value has been practically the only measure
to assess and label antigen content of toxoid products to
date, determination of Lf values is an indispensable tool
for quality control of toxoid vaccines, as well as toxins
and antitoxins themselves. However, methods for the

determination of Lf values have remained essentially .

unchanged since their first description in 1922 (Ramon
1922b.a). The method, employing observation by.eye

for detecting initiation of flocculation, has the dlsﬂad’_,l:;.

vantage of low reproducibility due to a large person-to-'

person variation (compare Kf values.for observers 1 and’

2 in Table 1). In order to overcome these problems, we
constructed a novel flocculation assay system using a
laser light-scattering platelet aggregometeér as 4 detector.
As shown in Fig. 1A and C, excellent reproducnblllty
could be achieved with this method.™ .

Because the resolution of th human eye differs
between individual observers and is generally not better
than 20—40 pm (Kiinzel etal:, 2003), the aggregometer
system with a resolution 6f 9 jim can provide more rapid
detection. Infact, the Kf valies by observation by eye
presented in Table 1 were approximately 9 to 10 min.
The laser llght-scattermg ‘detection device needed a
shorter time, so thateven when measuring 150,000
particle counts, the'assay finished within 8 min for a
25 Lf/ml level of Dtd. Assays at lower threshold particle
counts can be finished in a shorter time.

A parabolic regression curve could be fitted to the
relation of the logarithm of time required to reach a
specific particle count (log-time) and the logarithm of
antitoxin concentration (log[antitoxin]), according to
quadratic regression analysis. The antitoxin concentra-

tion giving the minimum log-time could be estimated as
the local minimum of the parabolic curve. The fit of the
parabolic regression curve was satisfactory and the
calculated Lf values were highly reproducible. Theoret-
ical analyses on flocculation have been done by several
groups (Bowen and Wyman, 1953b,a: Bovd and
Pumell, 1944; Lyng and Bentzon; 1987). Lyng and
Bentzon (1987) showed, from thei plts that log-time
fits to a functlon of log([antltoxm] [toxond]) and log

when the product of concentrations (Jtox-
ond] [antltoxm]) is constant, parabolic regression could
"‘applled between log-time and log([toxoid] / [antitox-
in]). This had also been shown by Levine and Wyman in

- e

1965 by comparing the results from three kinds of

says: (1) the Ramon (beta) method (Ramon, 1922c¢)

* which is still the most common method recommended in

the WHO minimum requirements, in which the concen-
tration of toxoid is set constant, (2) the Dean—Webb
(alpha) method in which the concentration of antitoxin is
set constant, and (3) the mass-law method (Levin and
Wyman method) in which the product of concentrations
of toxoid and antitoxin is set constant. Discrepancies
between the estimated Lf values measured by the Ramon
method and the Dean—Webb method had already been
recognized (Bowen and Wyman, 1953b), and Levine and
Wyman showed experimentally that the mass-law
(Levine-Wyman) method would be ideal for parabolic
regression (Levine and Wyman, 1965). In the present
study, the Ramon method performed adequately and was
employed throughout. The results were fitted with
parabolic regression curves to allow highly reproducible

- estimations of Lf values (Tables 2-4). In addition,

combinations of selected results to mimic single and
duplicate assays showed that duplicate assays gave less
variance of estimated Lf values compared to single
assays. The analysis also showed that assays employing
3 different antitoxin concentrations resulted in similar
levels of variance in estimated Lf values as 5-dose
assays. This means that assays with 3 different doses of
antitoxin are sufficient for reliable flocculation analysis.
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The assay system was applicable not only to Dtd but
also to Ttd measurements. Although statistical analyses

were not done on the results from assays with tetanus -

toxoids, Ttd required a longer time for initiating the
increase of particle counts (Fig. 1F). This result is
consistent with the results of the conventional floccu-
lation assay for the same Ttd, in which a longer time was
needed for flocculation (Kf=approximately 19 min at
25 Lf/ml) compared to the results of Dtds at the same
level illustrated in Table 1.

The aggregometer detects scattered light from
particles in the reaction cuvette and particle size can
be calculated from the observed light intensity (Ozaki
et al., 1994; Yamamoto et al.. 1993). Turbidimetric
measurement of antigen—antibody reactions by detect-
ing precipitin formation was reported previously
(Jacobsen and Steensgaard, 1979). We also tried to
apply the turbidimetric type of aggregometer to
flocculation assays. However, the turbidimetric system
was not capable of determining the most appropriate
toxoid—antitoxin ratio (data not shown).

The results presented here show that this novel
detection system has potential application for routine
toxoid flocculation assays. Further calibration, if

possible through international collaboration, could -
finally result in the establishment of a new routine. -

method for toxoid flocculation assays.
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Abstract

Botulinum neurotoxin (BoNT) binds to presynaptic neuronal cells and blocks neurotransmitter release. The carboxyl-terminal half of
the heavy chain (Hc) of the neurotoxin recognizes its specific receptor on the plasma membrane. We have previously demonstrated that
BoNT/C binds to gangliosides GD1b and GT1b under physiological conditions, while BONT/D interacts with phosphatidylethano-
lamine (PE). Here we report that the recognition sites for gangliosides and PE are present in the carboxyl-terminal domain of Hc.
Chimeric mutants and site-directed mutants of BONT/C-H¢ and BoNT/D-H¢ were generated and their binding activities evaluated. The
chimeric Hc that consisted of the amino-terminal half of BONT/D-H¢ and the carboxyl-terminal half of BONT/C-Hc possessed activity
similar to the authentic BONT/C-Hc, suggesting that the carboxyl-terminal region of Hc is involved in the receptor recognition of BoNT/C.
Moreover, analysis using site-directed mutants indicated that the peptide motif W'?7Y...G'?°...H!%2 plays an important role in the
interaction between BoNT/C and gangliosides. In contrast, we revealed that two lysine residues of BONT/D-H¢ are involved in the

formation of the critical binding site for receptor binding.
© 2008 Published by Elsevier Ltd.

1. Introduction

Seven distinct types of botulinum neurotoxins (BoNTs/
A-G) produced by Clostridium botulinum are the causative
agents of botulism [1]. BoONTs/A, B, E, and F are the most
potent in causing human intoxication, and BoNTs/C and
D are responsible for avian and animal botulism [2,3].
Some type C strains produce unique BoNT called C/D
mosaic toxin (BoNT/CD) that comprises two thirds of
BoNT/C and one third of BoNT/D corresponding to the
Hc portion [4,5]. These neurotoxins as well as the other
clostridial toxin, tetanus neurotoxin (TeNT), are synthe-
sized as a single polypeptide chain molecule with a

Abbreviations: BoNT, botulinum neurotoxin; Hc, carboxyl-terminal
domain of the heavy chain; SNARE, soluble N-ethylmaleimide-sensitive
factor attachment protein receptor; PE, phosphatidylethanolamine.

*Corresponding author. Tel.: +81722549504; fax: + 81722549499,

E-mail address: kozaki@center.osakafu-u.ac.jp (S. Kozaki).

0882-4010/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.micpath.2007.12.003

molecular mass of about 150kDa, and thereafter nicked
by proteases into heavy (100kDa) and light (50kDa)
chains linked together by a disulfide bond. The light chain
is a zinc endopeptidase that cleaves the presynaptic soluble
N-ethylmaleimide-sensitive factor attachment protein re-
ceptor (SNARE) proteins [6-9].. Assembly of SNARE
proteins is an essential step in neuroexocytosis. The
correlation between SNARE protein cleavage by BoNTs
and the blockade of neurotransmission is well documented
[10-12]. The heavy chain mediates binding to neuronal
receptors, leading to internalization of the light chain
and its translocation into the cytoplasm of nerve terminals
[13,14].

The specific binding of neurotoxin to the peripheral
neuromuscular junction is considered to be the first step in
intoxication. It is well known that the adhesion between
neurotoxins and nerve endings involves gangliosides
[15-18], and the carboxyl-terminal half domain of the
heavy chain (H¢) binds to the gangliosides. The domain is

Please cite this article as: Tsukamoto K, et al. Identification of the receptor-binding sites in the carboxyl-terminal half of the heavy chain of botulinum
neurotoxin types C and D. Microb Pathog (2008), doi:10.1016/j.micpath.2007.12.003
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composed of two subdomains; an amino-terminal jelly
roll (Hen) and a carboxyl-terminal f-trefoil (Hec). The
crystallographic data on BoNTs/A and B revealed that
Hcc subdomains structurally resemble the lactose-binding
pocket of TeNT [19-23], but the Hcc amino acid sequence
is poorly conserved among BoNTs. Hence, BoNTs are
considered to recognize type-specific receptors other than
gangliosides. Synaptotagmin I and II, two homologous
synaptic vesicle proteins, have been indicated to function in
the entry of BoNT/B into neuronal cells [24-26]. Mean-
while, Synaptic vesicle protein SV2 acts as the protein
receptor for BoNT/A [27,28]. We previously reported
that the receptor for BoNTs/C and D might not include
a protein component, as opposed to BoNTs A and B.
In BoNT/C, unlike other types of BoNTs, gangliosides
are predicted to play a significant role in the binding
to neuronal cells, because a deficiency of gangliosides

¥ [Fcr3 |

Hc/DC chimera

C

i

produced little sensitivity to BoNT/C in vivo [29]. On the
other hand, BoNT/D exhibited binding activity to phos-
phatidylethanolamine (PE). These findings suggest that the
binding sites in BoNTs/C and D molecules are possibly
maintained in different amino acid residues compared with
TeNT and BoNTs/A and B. To clarify this diversity, the
present study is an attempt to identify the crucial region in
BoNTs/C and D for binding to the receptor by using
chimeric and site-directed He mutants.

2. Materials and methods
2.1. Preparation of recombinant H¢
Wild-type and mutant H proteins (type C: He/C, type

D: HC/D, and H¢/D,) were expressed and purified as
described previously [29]). Hc/C was originated from
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Fig. 1. Preparation of chimeric He mutants: (A) schematic overview of overlap extension PCR. Two separate DNA fragments were amplified in PCR
reactions | and 2. The primers DC-Rv and DC-Fw introduce overlapping regions. These overlap regions hybridize in PCR reaction 3. Thus, using the
primers D-Fw and C-Rv the full-length chimeric H¢ fragment was finally amplified; (B) schematic representation of the recombinant wild-type Hc and the
chimeric He. The squares filled by oblique lines indicate the ganglioside-binding motif. The numbers correspond to the position of the amino acids; and
(C) SDS-PAGE profile of the recombinant Hc. The sample (I pgflane) was applied to a 10% polyacrylamide gel. ’
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typical type C toxin (strain CB-19). Hc/D, was derived
from BoNT/CD (strain 003-9). He/D;, was derived from
typical type D toxin (strain 1873). H¢/D,; showed a binding
activity higher than H¢/D; [29]. Overlap extension PCR for
the construction of genes encoding chimeric polypeptides
was carried out as described originally [30]. In two separate
PCR amplifications (the products of PCR 1 and 2), double-
stranded fragments were generated and subsequently fused
in PCR 3 (Fig. 1A). PCR 1 used a common 5-far primer
(D-Fw) and the unique reverse overlap primer (DC-Rv)
that carries information for the construction of the
intended chimera (Table 1). In PCR 2, a 3'-far primer
(C-Rv) from the stop codon of the BoNT/C gene and a
primer that was the complement of the overlap primer used
in PCR 1 (DC-Fw) were used to generate the carboxyl-
terminal fragment. After the two PCR products were
mixed, denatured, and cooled, the complementary overlaps
annealed, and the junction was then extended by template-
dependent DNA polymeryzation. Finally, the chimeric
construct was amplified by using far primers (D-Fw and
C-Rv), and the amplified fragment was cloned into vector
pET-30a (Novagen, Darmstadt, Germany). H¢/DC1
was composed of the amino acid residues 862-1112 of
BoNT/CD and 1122-1290 of BoNT/C. Hc/DC2 comprised
the residues 862-1222 of BoNT/CD and residues
1230-1290 of BoNT/C. The two chimeric mutants contain
the ganglioside-binding motif (Fig. 1B). He/DC3 consisted
of residues 862—1263 of BoNT/CD and residues 1279-1290
of BoNT/C. Hc/DC3 possessed the G1270-containing
ganglioside-binding motif, but not motifs W1257 and
Y1258. The chimeric mutants that consisted of Hc¢/D;
and H¢/D, (He/DD1-Hc/DD4) were constructed using
suitable primers in a similar manner (Fig. 2A). These

chimeric Hes were composed of C-terminal He/D, (high
affinity binding) and N-terminal Hc/D, (low affinity
binding). Site-directed mutations were introduced into the
Hc/C, He/D,, and H/D, genes in pET-30a by using a
QuickChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA) as instructed by the manufacturer. Briefly,
suitable primers were designed for the desired mutation,
and a thermocycling reaction permitted in vitro synthesis of
the plasmid DNA with PfuUltra™ high-fidelity DNA
polymerase (Stratagene). Parental methylated template
DNA was digested by Dpnl, and the resultant mutated
plasmid mixture was used to transform Escherichia coli
IM109 cells. All mutants were sequenced and expressed in
E. -coli BL21 CodonPlus (DE3)-RIL (Stratagene) in a
similar manner to the wild-type Hc.

2.2. Binding of Hc to synaptosomes

Wild-type recombinant H¢ proteins were radioiodinated
with Na'?’I (Perkin Elmer Japan, Yokohama, Japan) using
the chloramine-T method as described previously [31]. The
specific activities of the Hc proteins ranged from 13 to
17 mCi/mg protein (26-34 MBq/nmol). Synaptosomes were
prepared from rat brain [32] and suspended in N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
buffered saline (HBS) [3mM HEPES-NaOH buffer (pH
7.0) containing 150 mM NaCl, 2.5mM KCI, 2mM MgCl,,
and 2mM CaCl,]. The binding of '*I-H¢ to the synapto-
somes was measured by a filtration assay in the presence or
absence of unlabeled Hce or cinnamycin (Ro 09-198)
(Sigma, Tokyo, Japan) [33]. ’

Table |

Specific primers used for preparation of chimera He by overlap extension PCR

Primer Sequence®

D-Fw 5-CATGCCATGGCTGAATATTTCAATAGTATTAATGATTCA-3"

C-Rv? 5-CCCAAGCTTTTATTCACTTACAGGTACAAAACC-3¢

D-Rv §-CCCAAGCTITTTACTCTACCCATCCTGGATC-3"

DCI1-Fw 5" - TAATTATAATTATATAGATAGG/TATATGTATGCGAACTCACG-¥

DCI1-Rv? 5-CGTGAGTTCGCATACATATA/CCTATCTATATAATTATAATTA-3

DC2-Fw 5-GTATCT CAAAATAAATATI'GTAGTCAA/ATAT]'TAAATCAAA’ITITAATGGAGAAA -y

DC2-Rv* §-TTTCT! CCA'[TAAAATITGA’ITI‘AAATAT/'ITGACTACAATA'ITTA'ITITGAGATAC-3'

DC3-Fw 5’-CTAATTATGAGACAAAACT ATTATCA/ACATCAACTCATTGGGGTT-¥

DC3-Rv? §-AACCCCAATGAGTTGATGT/TGATAATAGTTTTGTCTCATAATTAG-3

DDI-Fw 5-ATGGAGATAATATAATTCTTCAT/TCTAAAGATTTAACTAATTCTCATA-3

DD!-RV? §-TATGAGAATTAGTTAAATCTTTAGA/ATGAAGAATTATATTATCTCCAT-3

DD2-Fw §'-GATCTAAATTATATACTGGAAATCCTATT/ACTATTAAATCAGCAGCTAATAAGA-Y

DD2-RV* §'-TCTTATTAGCTGCTGATTTAATAGT/AATAGGATTTCCAGTATATAATTTAGATC-¥

DD3-Fw §-GATACAGAATATTATATTATTAATGATAATTATATAGAT/AGGTATATAGCACCTAAAAATAATATACT-3
DD3-Rv? S-AGTATATTATTTTTAGGTGCTATATACCT/ATCTATATAATTATCATTAATAATATAATATTCTGTATC-3
DD4-Fw S - TAGTGTTAGTTTTTGGATTAAGATA/TCTAAAGATTTAACTAATTCTCATA-3¥

DD4-Rv? S - TATGAGAATTAGTTAAATCTTTAGA/TATCTTAATCCAAAAACTAACACTA-3

*Oligonucleotide positioned in the complementary strand.
bSlashes in parentheses indicate the position of overlap junctions.
“The underline indicates Nco I site.

9The underline indicates Hind 11 site.
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2.3. TLC overlay assay

The recombinant H¢ proteins were biotinylated with
EZ-Link™ Sulfo-NHS-LC-biotin (Pierce, Rockford, IL).
The gangliosides GD1b and GTIb (Sigma) (0.25nmol
each) and PE from bovine brain (Sigma) (0.5 nmol) were
chromatographed on plastic-coated TLC plates (Macherey-
Nagel, Diiren, Germany) in chloroform/methanol/water
5:4:1 (v/v). The TLC plates were then dried and blocked
with - Blocking One (Nacalai Tesque, Kyoto, Japan)
containing 1% polyvinylpyrrolidone for 12h at 4°C. After
blocking, the plates were incubated with 5nM biotinylated
Hc for 2h at 37°C in HBS. After washing three times in
HBS to remove unbound Hg, the plates were incubated
with 1 pg/ml horseradish peroxidase (HRP)-conjugated
avidin (Zymed Laboratories Inc., San Francisco, CA).
The Hc binding lipids were detected using 3,3'-diamino-

A .
862 1279
He/D, |
Hc/D, :
858 1275
_ 1162 1279
Hc/DD1 =
858 1157
HC/DD2 g il
858 1134
1112 1279
Hc/DD3 B %
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B
Heo, IEEN |
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E _ PR

4 t 0t 4
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1108-ry1ar EGLvLvoyPpRskiyT BNe1-1134
4 +

K K
HelD; e —
858 - 1275

Fig. 2. Preparation of chimeric mutants and site-directed mutants of
H¢/D: (A) schematic representation of the recombinant wild-type Hc and
chimeric Hc. The numbers correspond to the position of the amino acids
and (B) schematic representation of the recombinant site-directed mutants
and the amino acid sequence of the region targeted for mutagenesis in this
study.

benzidine (DAB)-stable substrate solution (Wako, Osaka,
Japan).

2.4. Others

Sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis {(SDS-PAGE) was performed using 10% gels by the
method used by Laemmli [34]. Protein concentration was
determined by Lowry’s method using bovine serum
albumin as a standard {35].

1251 JC
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25

0+~

T T T
0 101 100 100 102 103 104
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~
(4]
1
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Fig. 3. Competition binding assay of '*I-H¢/C and H¢/D; to rat brain
synaptosomes with wild type and D/C chimeric He. '*I-Hc (0.5nM) was
incubated with synaptosomes (1 pg protein in 0.2 ml) at 37 °C for 60 min in
the presence of various concentrations of unlabeled He. Each data point
represents the mean+S.D. from three separate experiments each
performed in duplicate.
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3. Results
3.1. Expression and binding activities of DC chimeric H,

We previously constructed He genes (Hc/C, He/Dy, and
Hce/D5) in pET-30a and obtained recombinant proteins
that possessed binding activities similar to that of the
neurotoxins {29].

To examine the recognition site for the receptor, we
generated three kinds of chimeric He (He/DC1, Hc/DC2,
and Hc/DC3) using overlap extension PCR (Fig. 1B).
SDS-PAGE profiles revealed that all recombinant proteins
were successfully obtained in a pure state (Fig. 1C).

To evaluate the binding activity of the chimeric Hc, we
performed a binding experiment using '*’I-wild-type He
(Fig. 3). He/DCI effectively inhibited the binding of '*
I-He/C to synaptosomes but not that of 125 H¢e/Dy,
whereas Hc/DC3 exhibited an inhibitory effect on the
binding of '*’I-H¢/D;. He/DC2 did not show any
inhibitory effect on the binding of either '*’I-H¢/D; or
125I.H¢/C. In order to characterize the binding specificity
of chimeric He, a TLC overlay assay was performed
(Fig. 4). Hc/DC1 was found to bind GD1b and GT1b, but
not PE. On the other hand, Hc/DC3 retained the PE

Hc/D; He/C

G Gy X o) GOn 2
% % % s <
Hc/DC1 H/DC2 H/DC3
R pomige S l-4< &:
&) o & o QN (& [ RS
% s < % 5 % % O

Fig. 4. TLC overlay analysis to detect the direct binding of Hc to lipid
receptors. Gangliosides (0.25nmol) and phosphatidylethanolamine
(1nmol) were chromatographed on plastic-coated TLC plates. After
blocking, the plates were incubated with 5nM biotinylated Hc at 37 °C for
2h in HBS, followed by treatment with 1pg/ml HRP-avidin. The Hc
binding lipids were detected using DAB substrate solution.

]

binding ability. Hc/DC2 hardly associated with any lipid
molecules.

3.2. Determination of the critical amino acid residues
involved in ganglioside-binding

Since previous chimeric mutagenesis studies had im-
plicated the region between Y1122 and S1278 of BoNT/C
as being important for ganglioside-binding, eight single
point mutations of Hc/C were generated using the
QuickChange kit. All mutations were confirmed by
nucleotide sequencing of both strands of the mutated
Hc/C. The previous experiments with TeNT found that the
lactose binding site is characterized by the presence of the
peptide motif H---SXWY ---G [36). The motif is conserved
among most BoNTs (Fig. 5). Especially, W1283 in BoNT/
C is common residues among all clostridial neurotoxins,
but residue H1282, which has a positive charge, specifically
exists immediately prior to W1283 in only BoNT/C. We
thus constructed mutants with single amino acid changes in
H¢/C, as the following WI1257A, WI257F, Y1258A,
GI1270A, HI1282A, HI1282E, WI1283A, and WI283F
(Fig. 6), and determined their binding activities with rat
brain synaptosomes. All the mutants except for W1283A
and WI283F had strong decreases in binding activity
against synaptosomes (Fig. 7).

3.3. Binding activity of H./D mutants

We showed that He/D interacts with PE in the TLC
overlay assay, but it was still unclear whether H¢c/D could
bind to PE on synaptosomes. Cinnamycin (Ro 09-0198),
which is a tetracyclic peptide antibiotic, is known to
associate with PE [37,38]. To investigate which molecule
was recognized by He/D on the membrane, the inhibitory
effects of cinnamycin on the binding of '*’I-H¢/D to rat
brain synaptosomes were examined. The binding of H¢/D,
and H¢/D, was inhibited in the presence of cinnamycin in a
dose dependent manner, but the binding of He/C was not
inhibited (Fig. 8).

To explore the critical region for the binding of H¢/D,
four kinds of chimeric He (He/DDI, He/DD2, He/DD3,
and He/DD4) were prepared (Fig. 2A). The binding of
1251_labeled Hc/D; was competed by unlabeled wild-type
H¢/D, and He/D; in a concentration dependent manner,
whose ICso (50% inhibition concentration) values were 0.4
and 152 nM, respectively (Table 2). He/DD1 and Hc/DD2
inhibited the binding of '*’I-labeled H: at the same level as
He/D, (ICso =178 and 165nM, respectively), whereas
H¢/DD3 and He/DD4 were found to possess high affinity
binding activity (ICsp = 0.7 and 0.4nM, respectively),
whose values were equivalent to that of He/D). Accord-
ingly, residues 1112-1139 of BoNT/CD are assumed to
take part in the formation of the high affinity binding site.
In this region, there are six amino acid residue differences
between He/D| and He/D,. To identify the critical residues
that participate in the binding, point mutations of H¢/D,
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Fig. 5. Amino acid sequence alignment of the carboxyl-terminal region of TeNT and BoNT (A-G). The amino acid residues forming the ganglioside-
binding pocket in TeNT and BoNTs/A and B are presented as white letters on a black background. Positions of amino acids of BoNT/C selected for

mutational analyses are highlighted by asterisks below the sequence of TeNT.

and H¢/D, were generated (Fig. 2B). Consequently,
S1127P and 11129R retained the inhibitory effect on the
binding of '*’I-H¢/D; to synaptosomes (ICso = 0.5 and
0.3nM, respectively), but K1117E and K1135G were
shown to reduce the binding affinity (ICso = 173 and
1.2nM, respectively) (Table 2). These results indicate that
two lysine residues are involved in the binding, but the
K1117 is more effective residue than K1135. On the
contrary, the mutations E1113K and G1131K in H¢/D>
were shown to increase the binding affinity (ICso = 9.1 and
2.0 nM, respectively). The double mutation of E1113 K and
G1131 K was characteristic of the high affinity binding of
authentic He/Dy (ICso = 0.6 nM).

4. Discussion

Clostridial neurotoxins bind to nerve terminals through
the He region derived from the heavy chain. The binding
sites on TeNT were localized by co-crystallization experi-
ments and biochemical approaches using TeNT mutants

[19,20,36]. The lactose binding site is characterized by the

presence of a peptide motif H---SXWY---G. A similar
motif is conserved among the BoNTs/A, B, E, F, and G
proteins, but not BoNTs/C and D. BoNT/C retains a part
of the motif, “WY..-G”; however, BoNT/D lacks this
peptide motif completely [39]. These observations also
suggest that BoNTs/C and D share different properties

with respect to the interaction with carbohydrate molecules
in comparison with other clostridial toxins. To confirm this
hypothesis, we have analyzed the binding properties of H¢
mutants at the carboxyl-terminal region of BoNTs/C and
D. Our present mutagenesis study has now identified
several specific amino acid residues that possess a critical
role in binding to gangliosides and PE.

First, we focused on the Hoe-subdomain and generated
chimeric mutants that comprise parts of BONT/D-H¢ and
BoNT/C-Hc by overlap extension PCR. The degree
of sequence homology between the BoNT/C-Hc and
BoNT/D-Hc genes is 64%, and they have very few
restriction sites in common that can be used in constructing
chimeric mutants. Therefore, overlap extension PCR was
useful to construct the chimeric mutants and to analyze the
binding region in BoNT. In the binding experiment using
brain synaptosomes, a chimeric H¢ that included the
carboxyl-terminal half of BoNT/C-H¢ (Hc/DCl) exhibited
the same level of activity as BONT/C-Hc, while the other
chimeric H¢ consisting mainly of BoNT/D-H¢ and
11 residues of the carboxyl-terminal of BoNT/C-Hc¢
(Hc/DC3) showed a binding activity similar to that of
BoNT/D-Hc. Halpern et al. reported that the removal of
Hen from the heavy chain of tetanus neurotoxin did not
reduce the binding activity, whereas deletion of only 10
residues from the carboxyl-terminal abolished its binding
to spinal cord neurons [40]. However, the present data on
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Fig. 6. Preparation of site-directed mutants of He/C: (A) schematic representation of the recombinant site-directed mutants and the amino acid sequence
of the region targeted for mutagenesis in this study and (B) SDS-PAGE profile of the recombinant Hc. The sample (1 pg/lane) was applied to a 10%

polyacrylamide gel.

BoNT/D showed that the carboxyl-terminus 10 residues
of BoNT/D were not involved in the binding because
Hc/DC3 retained its ability to bind to PE. H¢/DCl
actually bound both gangliosides GD1b and GT1b but not
PE, whereas Hc/DC3 interacted only with PE. Although
Hc/DC2 contained ganglioside-binding motif, He/DC2
was not able to recognize any molecule. This discrepancy is
not able to explain clearly. The binding region of Hc/DC2
was probably hooded, owing to the conformational change
by chimeric mutation. These results suggest that the
binding site for PE formed an inherent structure. Conse-
quently, this study documents the critical regions of the
Hce-subdomain of BoNT/C in receptor recognition. In
BoNT/C, the recognition site for GD1b and GTIb is
located within amino acid residues 1122-1290. In BoNT/D,
these results show a loss of inhibition of H¢/DC1 and
He/DC2 on '®I-H¢/D, binding, thus suggesting, accord-
ing to Fig. 1B, a recognition site located within amino
acid residues 1222-1279. Even more, this site can be
restricted to 1222-1263, as amino acid residues 1264-1279
of BoNT/CD do not appear to be necessary for the
inhibition to occur as they can be replaced by amino acid
residues 1279—-1290 of BoNT/C.

Second, we have generated eight single point mutants of
five amino acid residues to clarify the molecular interac-
tions between the BoNT/C H¢ residues of the deduced
binding site and gangliosides. In BONT/C molecules, a part
of the ganglioside binding pocket (WY ---G), which are
conserved in TeNT, BoNT/A, and BoNT/B, is observed.
We have carried out substitutions of WI1257, Y1258,
G1270, H1282, and W1283. HI1282 is the amino acid
residue that possesses a positive charge and exists only in
BoNT/C. W1283 is a common residue conserved in all
clostridial neurotoxins. Mutations of W1257, Y1258, and
G1270, residues located in positions comparable to the
ganglioside-binding pockets of TeNT and BoNTs/A and B,
dramatically affected the binding activity. Since the
decrease in binding activity was observed in not only
WI1257A but also WI1257F, the indole ring of W1257 is
thought to be essential, forming strong interactions with
the hydrophobic side of the sugar ring. This finding
suggests that W1257, Y1258, and G1270 form a ganglio-
side-binding pocket in BoNT/C as well as other types
of neurotoxins. The influence of the histidine on the
functionality of the BoNT/C binding pocket is also
important. The glutamate substitution of H1282 is more
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Fig. 7. Competition binding assay of '25[.H¢/C to rat brain synaptosomes

with site-directed mutants of H¢/C. 'PI-H¢/C (0.5nM) was incubated
with synaptosomes (Ipg protein in 0.2ml) at 37°C for 60min in the
presence of various concentrations of unlabeled Hc. Each data point
represents the mean+S.D. from three separate experiments each
performed in duplicate.

effective than the alanine substitution, indicating that the
positive charge of H1282 of BoNT/C enhances the binding
affinity to gangliosides. Unlike other neurotoxins, BONT/C
is able to bind to gangliosides under physiological ionic
strength (0.15M NaCl) [29]. H1282 is most probably a key
amino acid in the high affinity binding of BoNT/C to
gangliosides. On the other hand, the mutation of W1283
barely affected the binding, suggesting that W1283 of
BoNT/C is not including in the ganglioside-binding pocket.

Third, we focused on the binding site of PE in BoNT/D-Hc.
Cinnamycin (Ro 09-0198), which binds specifically to PE
[37,38], was used as a competitor of BoNT/D-H¢ binding
to brain synaptosomes. Interaction of BoNT/D-H¢ but
not BoNT/C-Hc with synaptosomes was inhibited by
the presence of cinnamycin, supporting the notion that
BoNT/D-H¢ recognized PE on the membranes of brain
synaptosomes. For the purpose of identification of the
binding region of BoNT/D, we examined the binding
activity of four chimeric mutants (Hc/DD1-Hc/DD4) and
seven site-directed mutants. As a result, two lysine residues
(K1117 and K1135 in H/D,) were the most important
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Fig. 8. Effect of cinnamycin on the binding of 'I-H¢ to rat brain
synaptosomes. 25 Hc (0.5nM) was incubated with synaptosomes (1 pg
protein in 0.2ml) at 37°C for 60min in the presence of various
concentrations (0, 100, and 500nM) of cinnamycin. Each data point
represents the mean+S.D. from three separate experiments each
performed in duplicate.

Table 2
Binding activity of Hc/D mutants

Recombinant H¢ Binding activity® (nM)

Wild type
D, .04
D, 152
Chimeric mutant
DDI . 178
DD2 165
DD3 0.7
DD4 0.4
Site-directed mutant of Hc/Dy
KIII7E 173
S1127p 0.5
I1129R 0.3
K1135G 1.2
Site-directed mutant of He/D;
E1113K 9.1
Gl131K 2.0
E1113K/G1131K 0.6

*Data are the concentration§ for 50% binding inhibition by competition
binding assays of '®I-labeled He/D,.

amino acid residues in the high affinity binding of BoNT/D
to PE. Unlike other types, the C-terminal region of Hc is
not probably involved in the recognition of its receptor.
Recently, it was reported that TeNT possesses two
binding sites against carbohydrate causing higher affinity
to gangliosides than BoNTs/A and B [36,39]. Whether
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BoNT/C contains multiple binding sites is not clear,
though the high affinity binding of BONT/C to gangliosides
indicates this possibility. Accordingly, the crystallographic
analysis provides useful information to clarify the interac-
tion between BoNT/C and gangliosides. In conclusion,
these findings are valuable in that we have elucidated the
role of BoNTs/C and D. Although additional studies using
other mutants of BONT/C-Hc and BoNT/D-Hc and three
dimensional structural analyses are needed to clarify the
form of the binding regions, the present study will be useful
in developing effective binding inhibitors or therapeutic
agents against neuronal disorders.
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