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A Clostridium botulinum type A strain (A661222) in our culture collection was found to produce the botulinum
neurotoxin subtype A5 (BoNT/A5). Its neurotoxin gene was sequenced to determine its degree of similarity to
available sequences of BoNT/A5 and the well-studied BoNT/A1. Thirty-six amino acid differences were observed
between BoNT/A5 and BoNT/A1, with the predominant number being located in the heavy chain. The amino
acid chain of the BoNT/A from the A661222 strain was superimposed over the crystal structure of the known
structure of BoNT/A1 to assess the potential significance of these differences—specifically how they would affect
antibody neutralization. The BoNT/A5 neurotoxin was purified to homogeneity and evaluated for certain
properties, including specific toxicity and antibody neutralization. This study reports the first purification of
BoNTA5 and describes distinct differences in properties between BoNT/A5 and BoNT/A1.

Clostridium botulinum produces botulinum neurotoxin
(BoNT), which is the most potent neurotoxin known. BoNTs
are characterized as category A select agents because of their
potential as a bioterrorism threat as listed by the Centers for
Disease Control and Prevention (1). BoNTs can be immuno-
logically distinguished by homologous antitoxins into seven
primary serotypes, designated A to G. Among these serotype
distinctions, there is considerable genetic variation, as demon-
strated by the recognition of at least 24 subtypes (3, 8, 11, 17).
These subtypes have been distinguished based on their degree
of genetic variation, with subtypes having a minimum of 2.6%
divergence at the amino acid level (3), but except for BoNT
subtypes A1 (BoNT/A1) and -A2, they have not been purified
and analyzed at the protein level, which is important to delin-
eate functional differences between the subtypes (15). The
purification and characterization of the biochemical, toxicolog-
ical, and molecular mechanisms of the subtype toxins of vari-
ous serotypes will provide valuable information as to their
biochemical, immunological, and cell biology properties.

Recently, a new subtype of BoNT/A was identified and
named “BoNT/A5”; there are five strains known to possess the
gene encoding BoNT/A5 (3, 8). Among these five strains, four
of them have neurotoxin sequences that are identical, and the
fifth strain has a neurotoxin sequence that is 99.8% identical to
the others at the amino acid level. The subtype features both a
high degree of similarity to BoNT/A1 and a hemagglutinin
(HA)-type gene cluster which is present in only BoNT/A1
clusters and none of the other BoNT/A subtypes. The Eric A.
Johnson (E.A.J.) laboratory identified an additional A5 strain
of C. botulinum, A661222, which possessed a gene for
BoNT/A5 identical to that of strain IBCA94-0216 (8).

To investigate the BoNT/A5 of this strain, the neurotoxin
gene and its associated genes were completely sequenced and
analyzed at both the nucleotide and amino acid level. Thirty-six
amino acid differences were observed between BoNT/A1 and
BoNT/A5, with most of them in the heavy chain (HC) (8).
Three-dimensional (3D) molecular modeling was performed
comparing BoNT/A5 with the established BoNT/A1 subtype.
These modeling studies on BoNT/A focused on determining if
amino acid differences observed in BoNT/A5 would have an
effect on known antibody epitope sites. The BoNT/A5 protein
was then purified from culture, and its toxicity was determined.
The ability of BoNT/A1-specific antibodies to neutralize
BoNT/A5 was also tested by mouse bioassay.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Clostridium botulinum strains
A661222 and ATCC 3502 included in this study were from the E.A.J. strain
collection. The A661222 strain was grown from a lyophilized culture which was
received by H. Sugiyama from the Lanzhou Institute, China in 1981. No infor-
mation is available regarding the environmental source and other properties of
the isolated strain. The original source of the strain is unknown. Cultures were
grown in 10 ml of sterile TPGY media (which contains [per liter] 50 g Trypticase
peptone, 5 g Bacto peptone, 4 g D-glucose, 20 g yeast extract, and 1 g cysteine-
HCl [pH 7.4]) for 2 days at 37°C under anaerobic conditions.

Total genomic DNA isolation. Total genomic DNA was isolated from C.
botulinum by lysozyme and proteinase K treatment as described previously (6).
DNA was then diluted to a concentration of 50 ng/�l and used for PCR ampli-
fication.

PCR amplification and DNA sequencing. PCR amplifications were performed
using the GeneAmp high-fidelity PCR system (Applied BioSystems). The PCR
cycles were as follows: 95°C for 2 min, followed by 25 cycles of 95°C for 1 min,
an annealing step for 45 s at 48°C, and 72°C for extension, followed by 1 cycle of
72°C extension for 10 min. The extension time depended on the length of the
fragment being amplified. Following amplification, PCR products were isolated
with the PureLink PCR purification kit (Invitrogen). Sequencing was performed
using conditions advised by the University of Wisconsin Biotechnology Center
with the ABI PRISM BigDye cycle sequencing kit (Applied BioSystems). The
primers used for PCR and sequencing for the HA cluster, ntnh and the bont/A
gene, are the same as those used previously (12). PCRs were performed in a
staggered manner such that the amplicons produced overlapping products for
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each of the genes in the neurotoxin cluster. Appropriate primers were then used
for sequencing each PCR product. Correct assembly of the contigs was verified
by using overlapping sequence data, with each region of the sequence being
analyzed at least four times. Sequencing analysis was performed at the University
of Wisconsin Biotechnology Center, and final sequencing results were analyzed
with the Vector NTI Suite program (Invitrogen).

Sequence alignment. The amino acid sequences of BoNT/A subtypes A1 to A5
were aligned with ClustalW and MEGA software to produce an unweighted pair
group method with arithmetic mean (UPGMA) phylogeny tree of the subtypes
as a whole and for their heavy chains.

Molecular modeling. The first model comparing the BoNT/A proteins was
generated with the program Coot (9), using the crystal structures of BoNT/A1
(Protein Data Bank [PDB] code 1BTA) (14). Pymol was used to generate
illustrations (5).

Purification of BoNT/A5 and determination of toxicity. BoNT/A5 was purified
by using the previously described protocol used for the purification of BoNT/A1
(4). The purified BoNT/A5 was visualized by 4 to 12% NuPage SDS-PAGE
(Invitrogen) under reducing and nonreducing conditions to assess protein purity.

The specific toxicity of the purified BoNT/A5 was determined by intraperito-
neal (i.p.) injection using four toxin concentrations of 15, 10, 6.67, and 4.45 pg
per mouse. The toxin was diluted in 0.5 ml gelatin phosphate buffer, and four
mice were injected with each concentration and observed for 4 days for symp-
toms. The 50% lethal dose (LD50)/mg of toxin was calculated by the method
described by Reed and Muench (16).

Neutralization of BoNT/A5 using anti-BoNT/A1 antibody. Serum from rabbits
immunized with BoNT/A1 toxoid was fractionated by protein A chromatography
to obtain polyclonal anti-BoNT/A1 IgG. The titer of the resulting IgG prepara-
tion was determined so that 1 �l of this antibody can neutralize 5,000 LD50 of
BoNT/A1. In this study, 2 �l of antibody was used to neutralize 16,000, 12,000,
10,000, 5,000, 2,500, and 1,250 LD50, respectively, either with BoNTA1 or
BoNT/A5 to compare antibody neutralization between BoNT/A1 and BoNT/A5.
Toxin was diluted with gelatin phosphate to achieve the appropriate LD50 con-
centrations. The different mixtures of toxin and antibody were incubated at 37°C
for 90 min prior to intraperitoneal (i.p.) injection. Two mice were injected with
0.5 ml of the toxin-antibody mixture, respectively, and were observed for 4 days
for botulinal symptoms and death.

Nucleotide sequence accession number. Sequences for the neurotoxin cluster
genes and bont/A from A661222 were determined and have been deposited in the
GenBank database under accession no. HM153705.1.

RESULTS

Identification and sequencing of the neurotoxin gene and its
associated cluster genes. PCR and sequencing reactions were
performed on the neurotoxin and the associated neurotoxin
cluster genes of C. botulinum A661222, and the results were
compiled using the Vector NTI Suite program. These studies
involved a process of amplifying overlapping pieces of the
neurotoxin and its associated cluster. Based on this work, it was
determined that the A661222 strain contained only one neu-
rotoxin gene cluster consisting of a complete HA cluster with
ha70, ha17, ha33, botR, ntnh, and bont/A. This arrangement is
consistent with the cluster arrangement identified in other
BoNT/A5-producing strains (3, 8).

Comparison of the neurotoxin and associated HA cluster
protein sequences between strain A661222 and the A5 strains
IBCA94-0216 and H04402 065. When the neurotoxin gene
cluster of strain A661222 was compared to that of the A5
strains IBCA94-0216 and H04402 065, it was observed that the
neurotoxin cluster genes and neurotoxin gene from strain
A661222 were identical to those from strain IBCA94-0216 (8).
A 1% amino acid sequence difference between strain A661222
and strain H04402 065 (3) was observed for all of the genes
except ha17 and botR, which were identical at the nucleotide
level. At the amino acid level, the neurotoxins of the two
strains were 99.8% similar and identical. HA70 was 99.2%
similar and identical and HA33 was 99.7% similar and identi-

cal between the two strains. The NTNH amino acid sequences
of the two strains were 99.9% similar and identical. Sequence
comparisons of the BoNT/A proteins demonstrated the high
degree of homology among the BoNT/A5 strains as they
grouped together and were clearly separated from the other
type A subtypes for both the entire length of the protein and
the heavy chain portion (Fig. 1A and B). The origins of
A661222 are unknown, aside from it being received from the
Lanzhou Institute in western China. Additional studies con-
firmed that A661222 had both a deletion of the botR promoter
and the presence of BoNT/B3 downstream of the BoNT/A5
cluster.

Comparison of the neurotoxin and associated HA cluster
proteins between strain A661222 and the C. botulinum A1
strain ATCC 3502. Analysis of the bont/A gene sequences of C.
botulinum strain A661222 (BoNT/A5) and strain ATCC 3502
(BoNT/A1) demonstrated significant homology with the amino
acid sequences, having 97.1% and 97.9% identity and similar-
ity, respectively, similar to previous results (3). There were only
36 amino acid differences from �1,500 amino acids between
BoNT/A1 and BoNT/A5 produced by the two strains, and the
differences were mainly located in the heavy chain of the
BoNTs, which spanned between the translocation domain and
the binding domain (Fig. 2). The differences in the heavy chain
are as follows. For the heavy chain N-terminal sequence (com-
prising amino acids 438 to 872), the differences were A567V,
R581S, K592R, D707G, D767G, and E775D. For the heavy
chain C-terminal sequence (comprising amino acids 873 to
1296), the differences were K897E, V926I, R948K, N954S,
S955K, S957N, M968I, T990N, Q991K, E992Q, I993N, K994I,
I1005V, N1006A, V1017I, T1063P, H1064Q, D1103N, V1143I,
M1144V, R1156M, A1208V, T1232R, A1259D, L1278F, and
R1294S.Only four differences were located in the light chains
(LC) (comprising amino acids 1 to 437): D102E, E171D,
G268E, and K381E. This high degree of homology made it
possible to generate a model for the BoNT/A5 subtype based
on already known BoNT/A structures (14, 18).

The HA cluster genes demonstrated high homology between
ATCC 3502 and A661222. The ha70 genes were 98% identical
at the nucleotide level and 97.4% similar and 97.3% identi-
cal at the amino acid level. The ha17 genes were 97.7% iden-
tical at the nucleotide level and 97.3% similar and identical at
the amino acid level. Also, the botR genes were 98.3% identical
at the nucleotide level between the two strains and 97.2%
similar and 96.6% identical at the amino acid level. The ntnh
genes were 98.4% identical between the two strains and 98.2%
and 97.8% similar and identical at the amino acid level, re-
spectively. The ha33 genes demonstrated 95.0% nucleotide
identity between the two strains, but only 91.5% similarity and
90.5% identity at the amino acid level.

Antibody recognition. An epitope comparison was done uti-
lizing certain specific peptides of the A2 HC domain based on
previous work (10). Although the percentages of identity be-
tween the BoNT/A5 and BoNT/A2 sequences for the overall
HC domain were low, the specific identity for those peptide
regions was around 98% between the A5 and A2 subtypes,
compared to only 83% between the A5 and A1 subtypes. Four
different regions in the HC of the protein were selected for
analysis (Table 1). These peptides are known to be important
for antibody recognition since they were previously character-
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ized as highly sensitive epitopes (2, 7, 10, 13, 17, 19). The
antibodies generated against A1 could be significantly affected
by the differences in these regions, even though the identity of
the entire amino acid chains of A1 and A5 is close to 97%.
Previous work has shown that the differences observed in A2 in
this region are sufficient to disturb the binding of the antibod-
ies (10, 17). Forty percent of the differences observed in
BoNT/A5 compared to BoNT/A1 were found in these impor-
tant regions (Fig. 3).

Garcia-Rodriguez et al. (10) have shown that several amino
acids are important to optimize the interactions between cer-
tain antibodies and BoNT/A1. Some of these were different in
BoNT/A5, making it similar to BoNT/A2, but several residues

were also conserved (Table 2). The seven most energetically
important residues are indicated in Table 2. The key residue
1064 differs between A1 (His), A2 (Arg), and A5 (Gln). The
energetically important threonine 1063 is replaced with a pro-
line in A5. The different equilibrium dissociation constant (KD)
values were measured and proposed to affect the importance
of these residues for antibody affinity. The most significant
amino acid was H1064, which is deeply buried in the interface
between the Fab and the toxin (Fig. 4A). It has previously been
reported that the truncation of the side chain of H1064 to
alanine lowers the affinity of AR2 and CR1 for BoNT/A1 by
more than 200,000-fold (10). The introduction of a mutated
H1064R into the BoNT/A1 HC has been reported to reduce

FIG. 1. Graphical representation of degree of relatedness among the amino acid sequences of the BoNT/A1 to -A5 subtypes. The evolutionary
history was inferred by UPGMA with a phylogeny tree drawn to scale. Branch lengths are in the same units as the evolutionary distances that were
computed by the Poisson correction method, and these units represent the number of amino acid substitutions per site. (A) Comparison of the
entire BoNTs among all five C. botulinum type A subtypes. (B) Comparison of the heavy chains of toxins of all five C. botulinum type A subtypes.
A1 is from the ATCC 3502 strain, A2 is from the Kyoto F strain, A3 is from the CDC/A3 strain, A4 is from the 657Ba strain, and the BoNT/A5
sequence was derived from the strain listed in the figure.

FIG. 2. 3D model of the BoNT/A5 subtype from A661222. The varied residues are shown as sticks in red. Overall structure is displayed as
ribbon diagram with a green C�. HC, heavy chain C terminal; HN, heavy chain N terminal.

VOL. 77, 2011 PURIFICATION AND ANALYSIS OF BoNT/A5 4219



the affinity for AR2 and CR1 by only 41- and 188-fold. This
decrease is less profound probably due to the fact that the
arginine can interact with the Fab amino acids as the modeling
shows (Fig. 4B) (10). In BoNT/A5, the difference is predicted
to be more pronounced because the histidine (H1064) in A1 is
substituted for a glutamine in A5, which is not able to pi stack
with F36 on the CR1 antibody light chain. Furthermore, Q1064
has just one positive charge to interact with D102 on the CR1
antibody heavy chain, and thus the stability of that loop de-
creases at the complex interface (Fig. 4C). The affinity of the
antibody to A5 is predicted to be lower than to the H1064R
A1. That indicates that the antibodies developed against that
BoNT/A1 area could have significant differences in their inter-
actions with A5.

TABLE 1. Comparison of specific peptides of BoNT/A1, -A2, and
-A5 that are known to be targets for antibody neutralization

Amino acid
positions

% identity for comparison ofa:

A1 vs A2 A5 vs A1 A5 vs A2

925–957 88 85 97
967–1013 85 83 98
1051–1069 79 90 85
1275–1296 86 91 96

a All numbers are the percentages of identity between the specific subtypes
analyzed. Strain sources of subtypes: A1, ATCC 3502; A2, Kyoto F; A5,
A661222.

FIG. 3. (A) Ribbon diagram of the area containing the important epitopes. The epitopes already identified are displayed in orange, and the
varied residues are shown as sticks in red. The identities of key residues in the A5 model from strain A661222 are indicated. (B) This view localizes
the area in the overall structure of the protein. HC, heavy chain C terminal; HN, heavy chain N terminal.
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Purification of BoNT/A5 and determination of toxicity.
BoNT/A5 was purified by using the purification method pre-
viously used to isolate BoNT/A1. This was expected because
BoNT/A5 is most closely related to BoNT/A1 among the type
A subtypes, and they are the only subtypes to have an HA
cluster arrangement associated with bont/A. Purified BoNT/A5
was confirmed by SDS-PAGE under reducing conditions (Fig.
5) and by mouse bioassay. SDS-PAGE data showed that �95%
pure BoNT/A5 was obtained after the final chromatography
step. The specific toxicity of the 150-kDa protein was deter-
mined to be �1.25 � 108 LD50/mg.

Neutralization of BoNT/A1 and BoNT/A5 using an anti-
BoNT/A1 polyclonal antibody. The neutralization results
showed that 2 �l anti-BoNT/A1 antibody was able to neutralize
10,000 LD50 of either BoNT/A1 or BoNT/A5 but was not able
to completely neutralize 12,000 LD50 of either toxin subtype.
The data indicate that both BoNT/A1 and BoNT/A5 have very
similar binding reactions with anti-BoNT/A1 antibody. How-

ever, there were some differences in the times to death of mice
between the mouse groups injected with the BoNT/A1-anti-
body mixture and the group injected with the BoNT/A5-anti-
body mixture. The mice injected with the BoNT/A5-antibody
mixture died 1 day faster than those injected with a BoNT/A1-
antibody mixture at an LD50 of 12,000. At the higher LD50 of
16,000, mice injected with the BoNT/A1-antibody mixture re-
quired ca. 2 days to die, while mice injected with the BoNT/
A5-antibody mixture died within 4 h. Additionally, mice in-
jected with 10,000 LD50 BoNT/A5-antibody mixture exhibited
more severe symptoms than those injected with 10,000 LD50

BoNT/A1-antibody, even though all of the mice survived for 4
days.

DISCUSSION

Subtype BoNTs have been identified in numerous studies by
nucleotide sequencing and the corresponding amino acid se-
quences. The criterion for a subtype has been stated to be a
>2.6% difference in amino acid sequence. Initial modeling
studies indicated that variable regions were present on
BoNT/A subtypes A1 to A4, prior to the discovery of BoNT/
A5. Although differences in nucleotide and amino acid se-
quences suggest that there may be differences in biochemical
properties, structures, toxicities, and mechanisms, this cannot
be definitively shown without the purification and analysis of
the protein neurotoxins. A recent comparison of purified

TABLE 2. Amino acids known to be located in the interface
between the CR1 antibody and BoNT/A1a

BoNT/A1 amino
acid position

Amino acid in:

BoNT/A2 BoNT/A5

Ser 902 Asp Ser
Phe 917 Ile Phe
Asn 918 Asn Asn
Leu 919 Leu Leu
Glu 920 Glu Glu
Phe 953 Phe Phe
Asn 954 Ser Ser
Ser 955 Lys Lys
Ile 956 Ile Ile
Lys 1056 Lys Lys
Asp 1058 Asp Asp
Arg 1061 Arg Arg
Asp 1062 Asp Asp
Thr 1063 Pro Pro
His 1064 Arg Gln
Arg 1065 Arg Arg
Gly 1292 Gly Gly
Arg 1294 Ser Ser

a The five BoNT/A1 amino acids that differ in BoNT/A5 from A661222 and
have direct contact with CR1 are in boldface. The seven residues with the most
energetically important contributions to the binding between CR1 and BoNT/A1
are shaded gray.

FIG. 4. Close-up view of sequence variability between H1064 of BoNT/A1 (green) (A), modeled R1064 of BoNT/A2 (green) (B), and Q1064
of BoNT/A5 from strain A661222 (green) (C) in complex with CR1 (light chain variable region [VL] in magenta and heavy chain variable region
[VH] in yellow).

FIG. 5. Coomassie blue-stained SDS-PAGE gel of purified
BoNT/A5 under reducing (R) and nonreducing (NR) conditions. M,
marker; HC, heavy chain; LC, light chain.
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BoNT/1 and BoNT/A2 showed that there were differences in
the kinetics of uptake into neuronal cells (15). This study
showed that the purification and analysis of properties of
BoNT subtypes will have high significance in mechanisms of
action and immunogenicity, properties important for biode-
fense as well as the use of BoNTs as pharmaceuticals.

Prior studies identified a novel BoNT/A subtype, BoNT/A5.
This designation was based on the level of divergence com-
pared to known BoNT/A subtypes, but the importance of these
differences was not identified at an amino acid level. We sub-
sequently identified an A5 strain in E.A.J.’s laboratory that
possessed the genes for an HA cluster containing the bont/A5
gene. In the present study, modeling was utilized to assess the
effect on structure of amino acid differences in BoNT/A5 com-
pared to BoNT/A1. There were 36 amino acid differences
between the neurotoxins of strains A661222 and ATCC 3502
(BoNT/A1), with 32 of them present in the C terminus of the
HC, the region responsible for binding to neural cells and a
target for antibody neutralization.

BoNT/A5 is unique in certain properties compared to the
other BoNT/A subtypes. It is highly similar to BoNT/A1 and
also exhibits similarities to BoNT/A2 in regions that have been
previously shown to affect antibody binding. The most impor-
tant of these changes was at residue 1064. Previous studies
have shown that mutating this residue from its original histi-
dine to an alanine has the effect of decreasing binding by
200,000-fold in terms of the pi stacking between the histidine
and F36 from the antibodies. In BoNT/A5, this residue is
substituted for a glutamine, and the pi stacking is also not
present based on protein modeling experiments. This led to the
hypothesis that BoNT/A5 might have a different antibody neu-
tralization profile from BoNT/A1.

BoNT/A5 was purified by the method used previously to
purify BoNT/A1. Antibody neutralization experiments were
also performed to compare the comparative neutralization by
an antibody preparation raised against BoNT/A1. Both
BoNT/A1 and BoNT/A5 were neutralized by 2 �l of anti-
BoNT/A1 antibody at 10,000 LD50 but could not be completely
neutralized at 12,000 LD50; however, differences in the times
to death of mice were observed between the two toxins. The
mice injected with a BoNT/A5-antibody mixture died 1 day
faster than those injected with a BoNT/A1-antibody mixture at
an LD50 of 12,000. At the higher LD50 of 16,000, it took mice
injected with the BoNT/A1-antibody mixture 2 days to die,
while mice injected with the BoNT/A5-antibody mixture died
within 4 h. Additionally, mice injected with the 10,000-LD50

BoNT/A5-antibody mixture exhibited more severe symptoms
than those injected with the 10,000-LD50 BoNT/A1-antibody
mixture, even though all of the mice survived for 4 days. This
indicates that the binding between BoNT/A1 and BoNT/A5 to
anti-BoNT/A1 antibody might have slight differences, which
were consistent with comparative structure predictions. These
data also support that BoNT/A1 and BoNT/A5 may have dif-
ferent mechanisms of action, as was recently observed for

BoNT/A1 and BoNT/A2 (15). Different immunological prop-
erties and mechanisms of action could have a high impact in
the areas of biodefense and the increasing use of BoNT as a
pharmaceutical. Further studies are necessary to purify and
characterize the properties of BoNT subtypes to more fully
appreciate the biology and structure of the subtype BoNTs.
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