CVI

Journals.ASM.org

The Receptor Binding Domain of Botulinum Neurotoxin Serotype A
(BoNT/A) Inhibits BONT/A and BoNT/E Intoxications In Vivo
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The receptor binding domain of botulinum neurotoxin (BoNT), also designated the C terminus of the heavy chain (H), is a
promising vaccine candidate against botulism. In this study, a highly efficient expression system for the protein was developed in
Escherichia coli, which provided yields that were 1 order of magnitude higher than those reported to date (350 mg H. per liter).
The product was highly immunogenic, protecting mice from a challenge with 10° 50% lethal dose (LDs,) after a single vaccina-
tion and generating a neutralizing titer of 49.98 IU/ml after three immunizations. In addition, a single boost with H¢ increased
neutralizing titers by up to 1 order of magnitude in rabbits hyperimmunized against toxoid. Moreover, we demonstrate here for
the first time in vivo inhibition of BoNT/A intoxication by H./A, presumably due to a blockade of the neurotoxin protein recep-
tor SV2. Administration of H./A delayed the time to death from 10.4 to 27.3 h in mice exposed to a lethal dose of BONT/A (P =
0.0005). Since BONT/A and BoNT/E partially share SV2 isoforms as their protein receptors, the ability of H./A to cross-inhibit
BoNT/E intoxication was evaluated. The administration of H¢/A together with BoONT/E led to 50% survival and significantly de-
layed the time to death for the nonsurviving mice (P = 0.003). Furthermore, a combination of H./A and a subprotective dose of
antitoxin E fully protected mice against 850 mouse LD, of BONT/E, suggesting complementary mechanisms of protection con-
sisting of toxin neutralization by antibodies and receptor blocking by H¢/A.

Botulinum neurotoxins (BoNTs) are the most poisonous sub-
stances known, with estimated 50% lethal dose (LDs,) values
of 1 ng/kg body weight (1). There are seven serologically distinct
serotypes of neurotoxins (designated A to G), which are mainly
produced by the anaerobic, spore-forming bacterium Clostridium
botulinum. The neurotoxins are 150-kDa proteins, consisting of a
100-kDa heavy chain joined to a 50-kDa light chain via a disulfide
bond. The molecular mechanism of BoNT intoxication includes
three steps, mediated by its three structural domains. The first step
involves attachment of the receptor binding domain, located on
the C terminus of the heavy chain (H), to receptors and subse-
quent internalization by endocytosis. The next step involves trans-
location and release of the light chain into the cytosol, a step con-
sidered to be facilitated by the translocation domain found on the
N terminus of the heavy chain (Hy). The final step is the cleavage
of one of three soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) proteins by the light chain, which
possesses endopeptidase activity, thereby preventing release of the
neurotransmitter acetylcholine from nerve cells into the synapses
(2-4).

Among the three structural domains of the neurotoxins, the
H fragment is the domain most often investigated for therapeutic
purposes, primarily as an antigen for active immunization but also
as part of a vehicle for intracellular transport of light chain inhib-
itors (5, 6). The first demonstration of its use as a vaccine was
published by Clayton et al., who reported that vaccination of mice
with a recombinant H fragment of neurotoxin serotype A elicited
protective immunity against challenge with the homologous toxin
(7). This finding prompted extensive research efforts in which the
receptor binding domains of all seven serotypes were produced
and shown to induce protective immune responses (6, 8). More-
over, a recombinant botulinum vaccine composed of the H- frag-
ments of botulinum neurotoxins A and B and produced by the
DynPort Vaccine Company for the U.S. Department of Defense is
currently under clinical investigation (9).
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Another potential therapeutic use of the H. fragment is as a
part of a protein vehicle to deliver cargo molecules specifically to
neurons (5, 10). The cargo molecules can be botulinum neuro-
toxin light chain inhibitors or drugs related to other neuronal
disorders. This approach might create opportunities to treat bot-
ulinum neurotoxin intoxication at a stage when the toxin already
has been internalized into cells and no longer is available in the
blood for antitoxin treatment. In addition to the two therapeutic
uses described above, the inhibition of botulism may occur by
direct competition of the H. fragment with the neurotoxin for
receptor binding. Indeed, studies that aimed to elucidate the pro-
tein receptor of several BoNT serotypes demonstrated reduced
toxin activity in the presence of Hc both in hippocampal neuron
cultures and in mouse phrenic nerve (MPN) hemidiaphragm (11—
13). However, this phenomenon has never been demonstrated in
vivo.

The first attempts to produce recombinant H, fragments of
neurotoxin A were performed using Escherichia coli as a host (7,
14). However, as most of the expressed protein was insoluble in
this system, subsequent studies have used the alternative host
Pichia pastoris. Using this system, H fragments of botulinum A,
B, C, D, E, and F have been produced with satisfactory yields
(15-20). It is important to note, however, that P. pastoris is con-
sidered to be aless attractive host than E. coli for recombinant gene
expression, from the perspectives of both genetic manipulation
and production processes, and there is still an interest in improv-
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ing the expression yields of Hc. in E. coli (8). In this work, we
present an efficient expression system for the BONT/A H. frag-
ment in E. coli and demonstrate, for the first time, i1 vivo inhibi-
tion and cross-inhibition of BONT/A and BoNT/E by the recom-
binant product.

MATERIALS AND METHODS

Ethics statement. All animal experiments were performed in accordance
with Israeli law and were approved by the Ethics Committee for Animal
Experiments at the Israel Institute for Biological Research.

Materials. All chemicals were purchased from Sigma-Aldrich unless
otherwise stated. The yeast extract and tryptone were from Becton, Dick-
inson and Company (Franklin Lakes, NJ). Mouse anti-H-/A monoclonal
antibody was prepared as described previously (21). Rabbit anti-H-/A
polyclonal antibodies were purified from sera of hyperimmune rabbits
that had been immunized with H/A, as described previously (22). Rabbit
antibody against peptide amino acids 1279 to 1295 of botulinum A was
obtained from hyperimmune rabbits that had been immunized with the
peptide, with keyhole limpet hemocyanin (KLH) as a carrier.

Bacteria and toxins. E. coli strains and plasmids were purchased from
Novagen (Madison, WI). Clostridium botulinum A, B, and E strains were
obtained from the Israel Institute for Biological Research collection
(strains A198, B592, and E450, respectively). Sequence analysis revealed
conformity of the neurotoxin genes with serotypes 62A (GenBank acces-
sion number M30196), Danish (GenBank accession number M81186),
and NCTC11219 (GenBank accession number X62683) for Clostridium
botulinum types A, B, and E, respectively (23-25). Toxins were prepared
from concentrated supernatants of cultures grown for 6 days in anaerobic
culture tubes. BONT/E was activated with trypsin (0.1% at 37°C for 45
min). The activity of all toxin preparations was at least 3 X 10° mouse 50%
lethal dose (MsLDs,)/ml. BONT/A toxoid was prepared by incubation of
the toxin in the presence of 0.2% formalin at 30°C for 28 days, followed by
extensive dialysis against 50 mM citrate buffer (pH 5.5).

Construction of H fragment expression plasmids. A synthetic gene
encoding the H, fragment of BONT/A (strain 62A; GenBank accession
number BAH79821.1) with optimized codon usage for expression in E.
coli and a C-terminal His tag was synthesized by GenScript (Piscataway,
NJ). The H, fragment gene was cloned with trxA by overlap extension
PCR. First, the trxA gene was amplified by PCR from an E. coli colony
using the following primers: trxA N-ter (primer 1), 5'-AGTCCTTGTAC
ATATGAGCGATAAAATTATTCACCTG (bold type indicates the Ndel
site); trxA C-ter (primer 2), 5'-AATGTTCATTGAATTCTTATGCCAGG
TTAGCGTCGAG. The H- fragment gene was amplified using the follow-
ing primers: H. fragment N-ter (primer 3), 5'-CTAACCTGGCATAAGA
ATTCAATGAACATTATTAACACTTCTATCCTG; H, fragment C-ter
(primer 4), 5'-AGTCCTTGTAGGATCCTCAGTGATGGTGATGATGA
TGCAGCGGGCGTTCACCCCAAC (bold type indicates the BamHI
site). Primers 2 and 3 were designed to anneal at their 5 termini. The PCR
products were purified using the Wizard SV gel and PCR clean-up system
(Promega; Madison, WI) and were mixed together with primers 1 and 4 to
fuse the genes by overlap extension PCR. The product of the reaction was
digested with Ndel and BamHI and ligated to the vectors pET-9a and
pET-22b(+), digested similarly. A similar procedure was used to obtain a
construct that possessed a ribosome, binding site (RBS) upstream of the
H. fragment gene, but in this case, primers 2 and 3 were replaced by
primers 5 and 6, as follows: trxA C-ter with rbs (primer 5), GTATATCTC
CTTCGAATTCTTATGCCAGGTTAGCGTCGAG; H, fragment N-ter
with rbs (primer 6), CTAACCTGGCATAAGAATTCGAAGGAGATATA
CCATGAACATTATTAACACTTCTATCCTG (the rbs sequence is un-
derlined). The rbs sequence is from the T7 major capsid protein.

Growth of cultures for optimization studies. During optimization,
the cells were grown in 250-ml, polycarbonate, baffled shake flasks (Nal-
gene; Nalge Nunc, Rochester, NY) containing 40 ml terrific broth (TB)
medium (tryptone, 12 g/liter; yeast extract, 24 g/liter; glycerol, 0.4% [vol/
vol]; potassium phosphate, 89 mM). Cultures expressing the H fragment
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from the vector pET-9a (T7 promoter) were grown overnight at 37°C
without induction. For cultures expressing the H¢ fragment from the
vector pET-22b(+) (T7lac promoter), the optical density was monitored
and, when the cells reached an A, value of 0.6, the cultures were induced
for 3 to 4 h with IPTG (isopropyl-B-p-thiogalactopyranoside) (0.2 mM).

Soluble H/A quantification assay. The assay was used to estimate the
soluble H, fragment yield in cultures grown under various conditions
during expression optimization. The assay included two steps. First, sam-
ples (0.5 ml) withdrawn from the cultures were chemically disrupted with
a CelLytic B Plus kit (Sigma-Aldrich), according to the manufacturer’s
instructions, and the soluble proteins were separated from the insoluble
cell fraction by centrifugation. The H, fragment concentrations in the
supernatants were then estimated by sandwich enzyme-linked immu-
nosorbent assay (ELISA), as follows. Plates (MaxiSorp; Nunc, Roskilde,
Denmark) were coated with 50 ul of a mouse anti-H-/A monoclonal
antibody (21) diluted to a final concentration of 4 wg/ml in coating buffer
(50 mM Na,CO5, pH 9.6) and were incubated overnight at 4°C. The plates
were then washed with wash solution (0.9% NaCl, 0.05% Tween 20) and
blocked for 1 h at 37°C with TSTA buffer (50 mM Tris, 0.9% NaCl, 0.05%
Tween 20, 2% bovine serum albumin; 200 pl per well). After washing, the
plates were incubated for 1 h at 37°C with serial dilutions (50 .l per well,
in duplicate) of the tested supernatant and pure H standard in TSTA
buffer. The plates were then washed with wash solution and incubated for
1 h with rabbit anti-H fragment polyclonal antibody diluted in TSTA
buffer to a final concentration of 0.5 wg/ml. After additional washing, the
plates were incubated for 1 h at 37°C with 50 pl of alkaline phosphatase-
conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch) diluted
1:1,500. Finally, the plates were washed with wash solution, and the col-
orimetric reaction proceeded using the substrate p-nitrophenyl phos-
phate (1 mg/ml in 0.2 M Tris buffer). The absorbance at 405 nm was
continuously measured for 15 min in 30-s intervals, and the H fragment
concentration was determined by interpolation from a standard curve
prepared with pure Hc.

Expression and purification of H./A. E. coli BL21(DE3) carrying the
plasmid pET-9a-trxA-rbs-H was grown overnight without induction in
2-liter, polycarbonate, baffled shake flasks (Nalgene) containing 0.5 liter
of TB medium supplemented with kanamycin (30 wg/ml). The flasks were
incubated at 37°C with shaking (250 rpm). The cells from 1 liter of over-
night culture (Ag,, value of approximately 20) were harvested, resus-
pended in 100 ml binding buffer (20 mM sodium phosphate, 0.5 M NaCl,
20 mM imidazole, pH 7.4), and disrupted by sonication. The cell extract
was clarified by centrifugation (14,000 X g, 30 min) and loaded onto a
HisTrap FF 5-ml column (GE Healthcare) mounted on an AKTA Ex-
plorer fast protein liquid chromatography system (GE Healthcare). The
column was washed with 10 column volumes of binding buffer and 10
column volumes of binding buffer containing 40 mM imidazole. The
protein was eluted from the column with elution buffer (20 mM sodium
phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4). The pure protein was
dialyzed against 50 mM sodium phosphate, 50 mM NaCl (pH 6.5), and stored
at —70°C. The concentration of pure H fragment was determined at 280 nm
using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA),
with the following parameters: molecular weight, 50,519 g/mol; extinction
coefficient, 86,250 cm ™' M ™" (calculated using the Peptide Properties Cal-
culator [www.basic.northwestern.edu/biotools/proteincalc.html]). The frac-
tion of H-/A in the total soluble cell protein preparation was determined with
an Experion automated electrophoresis system (Bio-Rad, Hercules, CA), ac-
cording to the manufacturer’s instructions. The purity of the H fragment
was determined with a Waters Acquity ultra-performance liquid chromatog-
raphy (UPLC) system equipped with a BEH C, 4 column, using a water/ace-
tonitrile gradient of 70:30 to 20:80 over 5 min of run time.

Vaccination of mice with the Hc fragment. Pure H. fragment and
formalin-inactivated toxin (toxoid) were diluted with phosphate-buft-
ered saline and adsorbed to aluminum hydroxide [final concentration of
Al(OH);, 0.5% (wt/vol)] to obtain 2 or 5 g protein per injection dose
(0.5 ml). The vaccine preparations were injected subcutaneously into 10
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FIG 1 DNA constructs for recombinant H. fragment expression. The constructs were designed to obtain coexpression of TrxA and Hc. Two gene configurations
were tested: trxA-Hg, in which the H. fragment gene is located immediately downstream of trxA (A), and trxA-rbs-Hg, in which an additional rbs sequence
precedes the Hc fragment gene (B). Both gene configurations were cloned into the expression vectors pET-9a (T7 promoter) and pET-22b(+) (T7lac promoter).

mice (CD-1; Charles River UK) per group. For the challenge protection
assay, the mice were immunized once (2 pg of antigen) and challenged
with 10° MsLDs, after 21 days. Survival was monitored for 7 days. For the
generation of neutralizing antibodies, the mice were immunized three
times, at 21-day intervals, with vaccine preparations containing 5 pug pro-
tein per injection. Two weeks after the last injection, the mice were bled
and sera were pooled for each group. The neutralizing antibody concen-
tration was determined according to the European Pharmacopoeia (26).

Booster vaccination with the H fragment of rabbits hyperimmune
to botulinum toxoid. A hyperimmune status of rabbits (NZWj; Charles
River UK) was achieved with the following immunization regimen: at 0, 1,
and 2 months, 20 pg of toxoid adsorbed to aluminum hydroxide [final
concentration of A(OH);, 0.5% (wt/vol)];at 5, 8, 11, and 14 months, 250
g of soluble toxoid. The injections were given subcutaneously at 3 or 4
sites. The indicated amount of toxoid refers to the estimated amount of
neurotoxin. At the fifth vaccination, the serum neutralizing titers reached
aplateau, with values ranging from 70 to 150 IU/ml. No further increase in
neutralization titers was observed with administration of the sixth and
seventh boosters (average of 98.6 = 30 IU/ml for the whole group of six
rabbits), indicating that hyperimmunity had been attained. Seventeen
months after the first vaccination, the rabbits were divided into three
groups (n = 2), which received boosts as follows (soluble antigens): (i)
250 pg of toxoid (control group), (ii) 250 g of H/A, or (iii) 2.5 mg of
Hc/A.

In vivo inhibition test. Mice (3 or 6 per group) were injected intra-
peritoneally (i.p.) with 1 ml of 5 MsLDs, of BoNT (A, B, or E), in the
presence (test group) or absence (control group) of H-/A at different
doses. Following injection, survival was monitored for 1 week.

Combined treatment with antitoxin E and H/A against BONT/E
intoxication. The combined effect of H-/A and antitoxin E was tested
according to the European Pharmacopeia neutralizing antibody assay
(26). Serial dilutions of World Health Organization standard antitoxin E
(from 0.08 to 0.12 IU/ml, at 0.02-1U/ml intervals) were incubated for 1 h
at 25°C with BoNT/E (850 MsLD;,/ml), in the presence or absence of
H/A (2.5 mg/ml). The mixtures (1 ml) were injected i.p. into mice (n =
8), and survival was monitored for 1 week.

Statistical analysis. A 4-parameter logistic regression model was used
to construct a standard curve for pure H, using SoftMax Pro 5.4 (Mo-
lecular Devices) for estimation of expression levels. Comparisons of
survival curves were performed with the log-rank (Mantel-Cox) test,
using GraphPad Prism 5 software. Differences were considered signif-
icant when P was <0.05.

RESULTS
Rationale for expression construct design. A synthetic gene en-
coding the receptor binding domain of botulinum neurotoxin A
was prepared. The gene was designed to contain high-frequency E.
coli codons, and the overall GC content was increased from 24%
(in the native clostridial gene) to 42%. To facilitate purification, a
6XHis tag was added to the C terminus of the protein.

For optimal solubility of the recombinant protein, the expres-
sion constructs were designed to promote coexpression of thiore-
doxin A (TrxA) (27-29). Two configurations of the trxA and H
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fragment genes were tested (Fig. 1). The first configuration in-
cluded the H fragment gene immediately downstream of the stop
codon of trxA (trxA-Hc). In an attempt to increase expression
levels further by enhancing gene translation, a second configura-
tion was prepared, in which an additional ribosome binding site
(rbs) sequence was inserted upstream of the H, fragment gene
(trxA-rbs-Hc).

The expression of the recombinant protein for both gene con-
figurations was tested by using two strategies for transcription
regulation. The first used the T7lac promoter, representing tight
transcription regulation [vector pET-22b(+)]. In this system,
protein expression depends predominantly on induction by
IPTG. This strategy has been used in most of the studies expressing
the H¢. fragment in E. coli reported to date (8, 30, 31). Because
expression under less-stringent transcription regulation has been
demonstrated to yield high expression levels for various recombi-
nant proteins (32-34), this second strategy was tested using a T7
promoter (vector pET-9a).

All tested plasmids were transformed into E. coli BL21(DE3).
In addition, since the native receptor binding domain of the neu-
rotoxin contains a single disulfide bond (between Cys1235 and
Cys1280), the use of E. coli Origami B also was examined. This
strain is a trxB-gor mutant and thus has the potential to enhance
cytoplasmic disulfide bond formation (35).

Expression optimization studies. To evaluate soluble H-/A
levels obtained with the various expression constructs, small-scale
cultures (40 ml) were grown, and the soluble cell extracts were
analyzed by ELISA to determine H/A concentrations. Two ge-
netic elements had major contributions to enhanced H/A expres-
sion (Table 1). Use of the T7 promoter provided levels of protein
expression 2 orders of magnitude higher than the levels obtained
using the more commonly used T7lac promoter. For example, the
construct pET-22b-trxA-He (T7lac promoter) in BL21(DE3)
yielded 0.49 mg/liter, while the same host carrying the plasmid
pET-9a-trxA-H¢ (T7 promoter) yielded 93 mg/liter. The second
genetic element that contributed to improved expression was rbs
added upstream of the H gene (configuration of trxA-rbs-H¢).
This addition resulted in 3- to 8-fold increases in expression levels
in all tested hosts and vectors. No significant expression advantage
was observed when the Origami B host strain was used instead of
BL21(DE3). The combination of the T7 promoter and rbs resulted
in a yield of 293 mg/liter [pET-9a-trxA-rbs-H in BL21(DE3)], 1
order of magnitude higher than reported previously for H-/A ex-
pression in E. coli (8, 29, 31). The high yield of this construct was
due to both the higher specific yield and the greater cell mass at
culture harvest (Table 1). When cells were grown at 18°C, an even
higher specific yield was obtained with this system (22.2 mg/liter
per Agq, unit), and the expression levels reached 0.5 g of H/A per
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TABLE 1 Comparison of soluble H-/A expression levels obtained with different constructs

Aggp at H fragment Specific yield

E. coli strain Plasmid Promoter harvest yield (mg/liter)” (mg/liter H/A4q, unit)
BL21(DE3) PET-22b(+)-trxA-He. T7lac 2.2 0.5 0.2

BL21(DE3) pET-22b(+)-trxA-rbs-H T7lac 2.7 2.2 0.8

Origami B pET-22b(+)-trxA-H T7lac 2.7 0.6 0.2

Origami B pET-22b(+)-trxA-rbs-H T7lac 2.61 4.9 1.9

BL21(DE3) PET-9a-trxA-H,. 7 18.9 93 4.9

BL21(DE3) PET-9a-trxA-rbs-H 17 21.9 293 13.4

@ He. fragment yield values are expressed as mg protein per liter of culture.

liter of culture (data not shown). This construct was chosen for
further expression and purification of recombinant H/A.

Recombinant H-/A was purified from 1 liter of culture using
immobilized metal chelate affinity chromatography (IMAC).
SDS-PAGE and Western blot analyses (Fig. 2A and B) indicated
that H./A was the major protein in the soluble cell fraction (45%
of total soluble protein, based on automated electrophoretic anal-
ysis). The protein was eluted from the Ni** column as a single
band, with a purity of >99% as determined by UPLC (Fig. 2C). A
total of 350 mg of pure H fragment was obtained from 1 liter of
culture, with a purification process yield of 93%.
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FIG 2 Purification of the receptor binding domain from E. coli BL21(DE3)
carrying the plasmid pET-9a-trxA-rbs-H. SDS-PAGE (A) and Western blot
(B) analyses were performed with samples withdrawn during the purification
process. Lane 1, molecular mass markers (in kDa); lane 2, soluble cell fraction;
lane 3, insoluble cell fraction; lane 4, flowthrough from loading of the soluble
cell fraction on the IMAC column (unbound proteins); lane 5, eluted protein.
The H. fragment was detected using rabbit antibodies directed against amino
acids 1279 to 1295 of BONT/A. (C) The purity of the final product was analyzed
usinga UPLC system equipped with a C, 4 column. The protein was found to be
>99% pure. AU, absorbance units.
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Immunogenicity of recombinant H. Single vaccinations of
mice (n = 10) with 2 g aluminum hydroxide-adsorbed H frag-
ment resulted in full protection (10/10 mice) against challenge
with 10°> MsLDs, (Table 2), while similar vaccinations with for-
malin-inactivated toxin resulted in only 50% survival (5/10 mice).
The neutralizing antibody concentrations in pooled sera of mice
that had been vaccinated thrice with 5 pg of H fragment or tox-
oid were 50.0 and 12.5 TU/ml, respectively (Table 2).

The immunogenicity of the H. fragment produced was further
examined by administration of the recombinant protein as a
booster vaccine to rabbits that had been vaccinated previously to
hyperimmune status with formalin-inactivated toxin (Table 3).
The hyperimmune status of the rabbits (n = 6) was established by
three immunizations with 20 pg of aluminum hydroxide-ad-
sorbed detoxified toxin followed by four immunizations with 250
g of soluble toxoid. As of the fifth vaccination, serum neutraliz-
ing titers stabilized in the range of 70 to 150 IU/ml, with no further
increase in titers with the sixth and seventh boosters (average of
98.6 * 30 IU/ml for the whole group of six rabbits), indicating the
attainment of hyperimmunity. Rabbits were then divided into
three groups (two rabbits per group); one group received an
eighth booster vaccination with 250 pg formalin-inactivated
toxin (control group) and the other two groups were vaccinated
with either 250 pg or 2.5 mg Hc/A. No increase in neutralizing
antibody concentrations was measured in the control group upon
vaccination with 250 pg toxoid (83 IU/ml before and after the
booster). However, a single booster vaccination with 250 g of the
recombinant H¢ increased serum neutralizing titers by 2.9- to
5.8-fold (from an average titer of 103 IU/ml before the booster to
425 IU/ml after the booster). Moreover, increasing the H-/A dose
to 2.5 mg increased neutralizing antibody concentrations by 1
order of magnitude (from an average titer of 110 IU/ml before the
booster to 1,042 IU/ml after the booster).

In vivo inhibition of botulinum neurotoxin A by the H. frag-
ment. The only currently approved treatment against botulinum
toxin intoxication is the administration of an antitoxin prepara-

TABLE 2 Immunogenicity of recombinant H. in mice

No. of surviving mice/no. Neutralizing antibody
Antigen of treated mice” titer (IU/ml)”
H fragment 10/10 50.0
Toxoid 5/10 12.5

“ Mice were vaccinated once with 2 p.g antigen and challenged with 10°> MsLD, after 21
days.

b Mice (n = 10) were vaccinated thrice with 5 jg antigen at 21-day intervals.
Neutralizing antibody concentrations were determined in pooled sera according to the
European Pharmacopeia (26).
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TABLE 3 Serum neutralizing titers of hyperimmune rabbits before and
after booster vaccination with toxoid (control group) or H fragment

Serum neutralizing titer (IU/ml)

Rabbit no. Booster Before booster” After booster”
1 250 g toxoid 83 83

2 250 g toxoid 83 83

3 250 wg H fragment 120 350

4 250 wg H fragment 86 500

5 2.5 mg H. fragment 70 750

6 2.5 mg H. fragment 150 1,334

“ Serum neutralizing antibodies after the last vaccination of the rabbits with 250 pg
toxoid.

b Serum neutralizing antibodies 2 weeks after booster vaccination with the indicated
immunogen (toxoid or H fragment).

tion, which neutralizes free toxin molecules by direct binding. As
the H. fragment possesses receptor-binding capacity (36), we hy-
pothesized that recombinant H-/A could have a therapeutic effect
in vivo by competing with the toxin for available receptors. Pre-
liminary examination of this hypothesis was conducted by admin-
istration of 5 MsLD5, BoONT/A to mice (n = 3) in the presence of
different doses of the H fragment (Table 4). For all H/A-treated
groups, a delay in the median time to death (TTD) was observed,
in comparison with the control group. The delay was dose-depen-
dent, ranging from 2.4 h for 25 pg H-/A to 22.2 h for 2.5 mg H-/A
(P = 0.02). To validate this observation, mice (n = 6) were ex-
posed to 5 MsLD;, BoNT/A in the presence or absence of 2.5 mg
H¢/A (Fig. 3A). In the absence of Hi/A, the TTD ranged from 8 to
15 h postexposure, with a median survival time of 10.4 h; for mice
treated with the H fragment, the TTD ranged from 22 h postin-
toxication to as long as 38 h (median TTD, 27.25 h; P = 0.0005).

H(/A delays the time to death for botulinum neurotoxin E-
intoxicated mice and enhances the potency of an antitoxin E
preparation. Both BoNT/A and BoNT/E bind the protein recep-
tor SV2. However, the two toxin serotypes differ in their specific-
ities for different isoforms of the receptor. While BONT/A binds all
three isoforms of SV2 (SV2A, SV2B, and SV2C), BoNT/E binds
almost exclusively glycosylated SV2A and SV2B (13, 37-39). As
the receptors for BONT/E are included in the BONT/A receptor
repertoire, we examined whether H./A possessed a therapeutic
effect against BONT/E intoxication. Mice (n = 6) were injected
with 5 MsLDs, of BONT/E in the presence or absence of H-/A (2.5
mg). Fifty percent of mice treated with H/A completely survived
the BoNT/E challenge (Fig. 3B). For H-/A-treated animals that
did not survive, the TTD ranged from 11 to 15 h and was signifi-
cantly longer than the TTD of control mice (range, 6.2to 11 h; P =
0.003). As expected, H-/A had no effect on the TTD of mice in-
toxicated with BoNT/B (Fig. 3C), consistent with the fact that
BoNT/B utilizes a different protein receptor than do BONT/A and
BoNT/E, the transmembrane proteins synaptotagmin I and II
(40).

We next tested whether H./A would have a therapeutic effect
over that of the antitoxin preparation, the only currently approved
treatment for botulism. We hypothesized that such a combined
treatment might benefit from two complementary mechanisms,
i.e., direct toxin neutralization by antibodies and receptor block-
ing by the H fragment. To test this approach, the therapeutic
effect of Ho/A combined with serotype E antitoxin was evaluated
in mice intoxicated with BoNT/E.
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TABLE 4 Inhibition of BONT/A intoxication by H-/A

H dose” Median TTD (h) Delay in TTD (h) pb

0 12.1

25 ng 14.5 2.4 0.65
250 g 19.3 7.2 0.06
2.5mg 34.3 22.2 0.02

@ Mice (n = 3) were treated with 5 MsLD5, BoNT/A in the presence of the indicated
dose of H:/A.

b The individual significance of each treatment was calculated using the log-rank
(Mantel-Cox) test, in comparison with the control group.

A high dose of 850 MsLD;, BONT/E was incubated with serial
dilutions (0.08 to 0.14 IU) of serotype E standard antitoxin
(World Health Organization), in the presence or absence of H-/A.
The mixtures were injected into mice, and survival was monitored
for 96 h (Table 5). For mice treated with antitoxin alone, 100%
survival was obtained at antitoxin doses higher than 0.12 TU, while
no survival was observed for doses of 0.1 IU and below. The addi-
tion of H¢/A to the toxin/antitoxin mixture fully protected mice
treated with the subprotective antitoxin dose of 0.1 IU. For a dose
of 0.8 IU, Hc/A only delayed the TTD. Hence, the protective con-
tribution of H/A was equivalent to increasing the antitoxin dose
by 20%.

DISCUSSION

The receptor binding domain of botulinum neurotoxins is of ma-
jor interest for several therapeutic applications. Early attempts to
express the H¢ fragment in E. coli resulted in poor yields, mainly
due to the low solubility of the recombinant product (7, 14). As a
result, expression efforts were shifted to the methylotrophic yeast
P. pastoris, in which the H, fragments of serotypes A, B, C, D, E,
and F were successfully expressed in sufficient amounts for vac-
cine production (3, 6). Recently, the expression of the H. frag-
ment in E. coli, which is considered to be a more attractive host
than the yeast, is again being examined, with significantly higher
yields now being achieved (8, 29, 31). A major difference between
the early and recent expression studies in E. coli is the starting
point of the recombinant protein. Before the crystal structure of
BoNT/A was available, the receptor binding domain was pre-
dicted to begin at amino acid 861, based on sequence alignment
and theoretical secondary structure analysis (41). In 1998, the
crystal structure of BoNT/A was elucidated, and the receptor
binding domain was shown to consist of amino acids 872 to 1296
(42). According to this structure analysis, amino acids 861 to 870
form a hydrophobic a-helix that is part of the translocation do-
main (Hy). Expression of the H, fragment with this extra helical
element might result in an unstable product due to the exposure of
hydrophobic residues to the solvent. Such instability may explain
the low yields of soluble protein in early studies. In the current
study, several parameters were screened to optimize H. expres-
sion in E. coli beyond the previously reported levels.

The parameter that had the most significant contribution to
recombinant protein yields in our work was the use of the T7
promoter. Most other works in which the H, fragment was ex-
pressed in E. coli used the more-stringent T7lac promoter (8, 29,
31). It is generally accepted that tight regulation of recombinant
protein expression is desired, especially when the gene product
may be toxic to the host and lead to construct instability. Such
instability was reported by LaPenotiere and colleagues in attempts
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FIG 3 H/A delays the time to death for mice exposed to BONT/A and BONT/E but not BONT/B. Mice (n = 6) were exposed to 5 MsLDs, of BONT/A (A), BONT/E
(B), or BONT/B (C) in the presence (dashed line) or absence (solid line) of H/A, and survival was monitored. Time to death was significantly delayed as a result
of coadministration of Hc/A for neurotoxins A and E (P = 0.0005 and P = 0.003, respectively, by the log-rank test) but not for neurotoxin B (P = 0.87).

to express Ho/A in E. coli (14). However, in cases in which high
levels of the recombinant protein are not detrimental to the host,
it has been shown that higher protein yields can be obtained with
less-stringently regulated protein expression systems (32-34, 43).
In our study, use of the T7 promoter (vector pET-9a) provided
yields that were 2 orders of magnitude higher than those obtained
with the more-stringent T7lac promoter (Table 1).

The tested constructs in this work included a thioredoxin re-
ductase gene (trxA) upstream of the H¢. fragment gene, to enhance
its solubility. This strategy was previously found to be essential for
expression of the C-terminal quarter of botulinum neurotoxin A
(44) and also has been successfully employed to express the H¢
fragments of botulinum neurotoxins A and F (28, 29) and the He
fragment of tetanus neurotoxin (27). We found here that the ad-
dition of a specific ribosome binding site upstream of the H frag-
ment gene (configuration of trxA-rbs-H) further improved ex-
pression levels by 3- to 8-fold in all tested hosts and vectors.

The combination of the two genetic elements, i.e., a T7 pro-
moter and a specific ribosome binding site, resulted in a highly
efficient expression system that provided 350 mg of pure protein
per liter of culture. This yield value is 1 order of magnitude higher
than the values reported thus far for the expression of H-/A in E.
coli (8, 29, 31). Furthermore, the yield of our expression system
was even higher than that achieved with P. pastoris, which has been
reported to reach 1.4 g of pure H-/A per 1 kg of cells (45). In the
current work, 350 mg of pure protein was obtained from 23.3 g of
E. coli wet mass. Therefore, a yield of 15.5 g of pure H./A per 1 kg
of cells is expected. Moreover, unlike expression in P. pastoris,
which is extended, involves multiple steps, and requires a con-
trolled fermentor (41), our protein expression procedure consists
of a single step of overnight culture growth in shake flasks.

TABLE 5 H/A enhances the potency of an antitoxin E preparation

No. of surviving mice”

Antitoxin E dose (IU) —Hc/A +H/A
0.08 0 0
0.10 0 8
0.12 8 8
0.14 8 8

@ Values indicate the survival of mice injected with a mixture containing the indicated
antitoxin dose and BoNT/E (850 MsLDs,,), in the presence or absence of H-/A (2.5
mg). Results are the summary of two independent experiments, each with four mice per
group.
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The H( fragment produced exhibited good immunogenic
properties. Mice immunized once with 2 pg of H¢. fragment were
fully protected against challenge with 10> MsLDs, and, following
three vaccinations with the protein, a neutralizing antibody con-
centration of 49.98 IU/ml was obtained. Similar results were re-
ported for H¢ fragments prepared by other groups with E. coli (30)
and P. pastoris (20) as hosts.

The generation of high neutralizing antibody titers is desired in
animals used for therapeutic antitoxin production, as they con-
tribute to higher product specific activity and improve safety.
Booster vaccination with H/A (250 pg) for rabbits hyperimmu-
nized against toxoid led to 3- to 5-fold increases in neutralizing
antibody titers, while the titers remained unchanged in rabbits
boosted with an equal amount of toxoid. The lower potency of the
toxoid can be attributed to chemical modification of the neutral-
izing epitopes by formaldehyde during the detoxification process
(46). In another study, similar neutralizing antibody titers were
generated in rabbits upon vaccination with formalin-inactivated
BoNT/B and H¢/B (47). However, the authors suggested that He
potency in that study was limited due to precipitation of the re-
combinant antigen. In our study, increasing the H booster dose
to 2.5 mg increased the neutralizing antibody concentration by 1
order of magnitude over that obtained with 250 g toxoid (from
110 IU/ml to 1,042 TU/ml). This result suggests that a 250-.g dose
is suboptimal and that higher neutralizing antibody titers can be
obtained by increasing the antigen dose. The equivalent of 2.5 mg
of antigen in horses, animals commonly used for antiserum pro-
duction, is approximately 100 mg (on a weight basis). Our protein
expression system can easily support such an elevated dose, due to
its high efficiency. However, vaccination with such a high antigen
dose is not applicable with toxoid, due to poor yield and produc-
tion safety issues (3, 48).

Apart from being a promising anti-botulinum vaccine candi-
date, the ability of the H. fragment to bind BoNT receptors might
be utilized to counteract botulism by receptor blockade. To date,
inhibition of BoNTs by H. fragments was demonstrated in hip-
pocampal neuron cultures and in MPN hemidiaphragm through-
out the elucidation of BONT/D and BoNT/F protein receptors
(11-13). To our knowledge, however, inhibition of botulism by
H fragments was never demonstrated in vivo. Therefore, we
wished to examine whether the receptor binding domain had a
therapeutic effect as a receptor-blocking agent. Exposure of mice
to BONT/A in the presence of H./A resulted in a dose-dependently
delayed median TTD. The most significant effect was obtained
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with a dose of 2.5 mg, which delayed the median TTD from 12.1h
to 34.3 h. Yet, for all tested doses of H, survival was not observed.
Additionally, a dose of 2.5 mg in mice weighing 25 g is equivalent
to ~7 g of H/A in a 70-kg human (on a weight basis), which
limits the therapeutic potential of the H fragment as a receptor-
blocking agent. The requirement for such a high dose of H-/A can
stem from the fact that, while a neurotoxin molecule requires only
a single SV2 molecule to enter the cell, preventing its entrance
requires blocking of most SV2 molecules. In addition, during syn-
aptic vesicle recycling, the H¢ fragment is probably released from
SV2, which then becomes available for the toxin. In this regard,
engineering the H. fragment for improved affinity toward its re-
ceptor may provide better protection and enhance its therapeutic
capabilities. An H. fragment with higher affinity or other antag-
onist analogues will be able to displace a BONT molecule from the
receptor and, following receptor binding, dissociation from it will
be reduced. Such improved affinity may be achieved using pro-
tein-engineering strategies such as rational design or directed evo-
lution (49, 50).

Botulinum neurotoxins enter neural cells via two main protein
receptors, SV2 and synaptotagmin. To date, it has been shown that
BoNT/A, BoNT/D, BoNT/E, and BoNT/F bind different isoforms
of SV2 (11-13, 37-39), while BoONT/B and BoNT/G use synap-
totagmin I and II (51, 52). Consistent with this receptor specific-
ity, administration of H-/A to BoNT/E-intoxicated mice in our
study led to 50% survival and significantly delayed the TTD for the
nonsurviving mice. This observation is supported by data from
Rummel et al., who demonstrated, using the MPN hemidia-
phragm model, that the paralytic half time induced by BoNTs may
be prolonged by H. fragments originating from neurotoxin sero-
types that share the same protein receptors (13).

The protective effect of H-/A against BONT/E was stronger
than that obtained for BONT/A (50% survival and delayed TTD,
respectively). This result is surprising and may be explained by
differences in the affinities of the Hc fragments of BONT/A and
BoNT/E for their receptors. The two neurotoxins share the iso-
forms SV2A and SV2B as the protein receptors. However, while
the affinities of the receptor binding domains of the neurotoxins
toward SV2A were similar, SV2B showed substantially higher af-
finity for Ho/A than H-/E (13). Therefore, H-/A might displace
BoNT/E from the receptor more effectively than it could displace
BoNT/A, for which the affinity toward the receptor is identical.
Similar behavior was obtained for BONT/G in the MPN hemidia-
phragm model. In this case, Hc/B extended the paralytic half time
more than the homologous receptor binding domain (H/G). The
authors suggested that the greater inhibition by Hc/B reflects the
lower affinity of H-/G toward the protein receptor synaptotagmin
I (13).

The combination of H-/A with a subprotective dose of anti-
toxin E fully protected mice from a high-dose BoNT/E challenge
(850 MsLDs,). The improved protective effect presumably stems
from both neutralization of BONT/E by the antitoxin and receptor
blocking by Hc/A. This approach utilizes the serotypic difference
between BoNT/A and BoNT/E, as antitoxin E antibodies do not
prevent H-/A from binding SV2 and H/A does not occupy the
neutralizing antibodies found in the antitoxin E preparation. Bot-
ulinum antitoxin is currently the treatment of choice for botuli-
num toxin intoxication. The efficacy of antitoxin treatment de-
creases with time postexposure and higher doses, which may
induce adverse effects, are required to confer protection (53, 54).
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Combined treatment consisting of an antitoxin and a receptor-
blocking agent, such as the H. fragment or another antagonist
analogue, is thus of interest and may be a promising approach to
expand the time window for treatment and reduce the required
antitoxin dose.
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