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Abstract

Botulinum neurotoxins (BoNTSs) are produced by various species of clostridia and are potent
neurotoxins which cause the disease botulism, by cleaving proteins needed for successful nerve
transmission. There are currently seven confirmed serotypes of BoNTSs, labeled A-G, and toxin-
producing clostridia typically only produce one serotype of BONT. There are a few strains
(bivalent strains) which are known to produce more than one serotype of BoNT, producing either
both BoNT/A and /B, BoNT/A and /F, or BoNT/B and /F; designated as Ab, Ba, Af, or Bf.
Recently, it was reported that Clostridium botulinum strain Af84 has three neurotoxin gene
clusters: bont/A2, bont/F4, and bont/F5. This was the first report of a clostridial organism
containing more than two neurotoxin gene clusters. Using a mass spectrometry based proteomics
approach, we report here that all three neurotoxins, BONT/A2, /F4, and /F5, are produced by C.
botulinum Af84. Label free MSE quantification of the three toxins indicated that toxin composition
is 88% BONT/A2, 1% BoNT/F4, and 11% BoNT/F5. The enzymatic activity of all three
neurotoxins was assessed by examining the enzymatic activity of the neurotoxins upon peptide
substrates which mimic the toxins’ natural targets and monitoring cleavage of the substrates by
mass spectrometry. We determined that all three neurotoxins are enzymatically active. This is the
first report of three enzymatically active neurotoxins produced in a single strain of Clostridium
botulinum.

Introduction

Botulinum neurotoxins (BoNTS) are toxic proteins which are produced by Clostridium
botulinum and some related clostridia. Intoxication with BONT causes the disease known as
botulism, which can be fatal if untreated. BoNT consists of a heavy chain which binds to
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receptors of neurons and a light chain which has enzymatic activity, joined by a disulfide
bond. The light chain is a highly-specific protease, cleaving proteins necessary for nerve
impulse transmission. BoNTSs are currently grouped into seven confirmed serotypes, A-G,
based on their response to antisera. Additionally, the different serotypes of toxins possess
differential enzymatic activity. BONT/A, /C, and /E cleave SNAP-25 (synaptosomal-
associated protein)-6, and BoNT/B, /D, /F and /G cleave synaptobrevin-2 (also known as
VAMP-2, vesicle-associated membrane protein)’~12. BoNT/A, /B, /C, ID, /E, and /F are also
known to exhibit genetic and amino acid variance within each serotype, and this variance is
designated as subtype, with the addition of a number following the letter, i.e. subtype
BoNT/A2. All subtypes within a serotype have been shown to cleave their protein target in
the same location, with the exception of BONT/F5’.

Our laboratory previously reported on our ability to detect BoNT via its enzymatic activity
upon a peptide substratel3. In this procedure, BoNT is mixed with a peptide substrate which
is a shortened version of the toxin’s natural target, SNAP-25 or synaptobrevin-2. BONT
cleaves the peptide substrate in a serotype-specific location, so that each serotype can be
identified by its unique enzymatic cleavage pattern. BONT/A cleaves SNAP-25 between
196Q and 197R1245 and BoNT/C cleaves SNAP-25 at the adjacent residue, between 197R
and 198A36. BoNT/E also cleaves SNAP-25, but cleaves it between 180R and 1811°.
BoNT/B, /D, /F, and /G cleave synaptobrevin-2 at 76Q8, 59K11, 58Q10.11 and 81A%12,
respectively. The exception is BONT/F5, first reported in 201014, which has a different
enzymatic activity than other BoNT/Fs; it cleaves synaptobrevin-2 at 54L7. Cleavage of the
peptide substrates is monitored by mass spectrometry, which allows for a determination of
the location of cleavage based on fragment masses, which can be critical for identification of
the serotype of toxin present. Our laboratory has also reported on our ability to obtain amino
acid sequence information on the toxin itself through digestion of the toxin into peptides and
sequencing of those peptides by MS/MS analysis combined with database searching?>-17.

Typically a sample or culture supernatant contains a C. botulinum strain that produces only
one serotype of toxin, but it is important to be able to detect more than one serotype in a
single sample because some strains of C. botulinum produce more than one serotype of
BONT. These are termed bivalent toxin producers and are notated as Ab, Ba, Af, or Bf, with
the capital letter indicating the presence of what is believed to be the dominant serotype
produced. There are also some strains of C. botulinum that have more than one toxin gene,
but only produce a single toxin type with the other gene being silent. An example is
CDC5134818 that produces BoNT/A1 type toxin but has a silent B gene and this is noted as
A(B) with the silent gene in parenthesis. Several assays have demonstrated the ability to
detect more than one serotype of toxin from a single sample14.19.20  indicating the ability to
detect neurotoxins produced by a bivalent C. botulinum strain. Our laboratory reported on
the ability to detect both toxins produced by Ab, Ba, Af, and Bf bivalent strains using either
serotype-specific antibodies with multiple extractions from the same sample?, or using a
single antibody which binds to multiple serotypes that cause human botulism, such as
BoNT/A, /B, /E, and /F22. Both of these techniques of antibody extraction can be followed
by enzymatic cleavage characterization that is specific for each toxin type to detect and
differentiate the toxin.
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In 1970, Gimenez and Ciccarelli reported on a C. botulinum strain, Af84, that produced both
A and F toxins as determined by the mouse bioassay®. The authors reported that in their
mouse bioassay, the toxicity of the A and F toxins was in a ratio of about 90/10,
respectively. Recently, it was reported by Dover et al. that C. botulinum strain Af84 contains
gene clusters for three neurotoxins: BONT/A2, /F4, and /F523. It was the first report of a C.
botulinum strain containing more than two neurotoxin gene clusters, with both bont/A2 and
bont/F4 genes located on the chromosome and a bont/F5 gene within a plasmid. These
findings were based solely on genetic analyses. Dover et al also performed toxicity testing
via the mouse bioassay and showed that both A and F toxins were produced at a ratio of
99/123. However, neither of these reports was able to determine if the BoONT/F toxicity was
due to the F4 on the chromosome, the F5 on the plasmid, or both. In this work, we identified
the neurotoxins produced by C. botulinum Af84 and determined their relative quantitative
ratios through a mass spectral proteomics analysis of neurotoxins extracted from culture
supernatants. The presence of the three neurotoxins was confirmed by examining their
enzymatic action upon peptide substrates which mimic the toxins’ natural targets and
monitoring cleavage of the peptide substrates by mass spectrometry.

Materials and Methods

Materials

Botulinum neurotoxin is highly toxic and requires appropriate safety measures. All
neurotoxins were handled in a class 2 biosafety cabinet equipped with HEPA filters.
Monoclonal antibodies to BONT/A, CR2 and RAZ1 and monoclonal antibodies 6F5, 6F8,
6F9, and 6F10, cross-reactive antibodies which recognize BoNT/A, /B, /E, and /F, were
obtained from Dr. James Marks at the University of California at San Francisco.
Dynabeads® (M-280/Streptavidin) were purchased from Invitrogen (Carlsbad, CA) at 1.3
g/cm?3 in phosphate buffered saline (PBS), pH 7.4, containing 0.1% Tween®-20 and 0.02%
sodium azide. Polyclonal rabbit anti-BoNT/A antibodies, BONT/A2 complex, and BONT/F1
complex were purchased from Metabiologics (Madison, WI). All chemicals were from
Sigma-Aldrich (St. Louis, MO) except where indicated. Peptide substrates Acetyl-
RGSNKPKIDAGNQRATRXLGGR-NH, (abbreviated as SubA) for assessment of BONT/A
activity (where X is norleucine) and
TSNRRLQQTQAQVDEVVDIMRVNVDKVLERDQKLSELDDRADAL for assessment of
BoNT/F activity (abbreviated as SubF) were synthesized by Midwest Bio-tech Inc. (Fishers,
IN). The peptide substrate for BONT/A has been modified from the original sequence of
SNAP-25 to produce a more efficient substrate for BONT/A cleavage??.

Production and Immunocapture of C. botulinum Af84 culture supernatant

Crude culture supernatants representing the C. botulinum Af84 strain originating in
Argentina and housed at USARMIID were produced by incubating a subculture for 5 days at
35°C in TPGY medium. After centrifugation, the supernatants were removed and filtered
through 0.22 um filters. Monoclonal antibodies RAZ1 and CR2, provided by Dr. James
Marks at the University of California at San Francisco, were used for extraction of
BoNT/AZ2® and 6F5 was used for BONT/F extraction’. Mabs were immobilized separately to
streptavidin Dynabeads® after being rinsed three times with HBS-EP buffer (GE Healthcare,
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Piscataway, NJ.). A 2 ug aliquot of antibody was used per 100 uL of beads. A standard
orbital shaker was used to bind antibody onto the beads for 1.5 hours. For extraction of
BONT/A, an aliquot of 20 pL of antibody-coated beads was added to a solution of 400 pL of
HBS-EP buffer and 100 uL of culture supernatant from C. botulinum Af84. For extraction of
BoNT/F, an aliquot of 40 pL of antibody-coated beads was added to a solution of 300 uL of
HBS-EP buffer and 200 pL of culture supernatant from C. botulinum Af84. After mixing for
1 hr with constant agitation at room temperature, the beads were washed once in 1 mL of
HBS-EP buffer. Negative controls consisted of culture supernatant medium with no
organism or toxin, with the remainder of the extraction protocol as above.

Endopep-MS analysis

The beads were reconstituted in 18 pL of reaction buffer consisting of 0.05 M Hepes (pH
7.3), 25 mM dithiothreitol, and 20 uM ZnCl, and 2 pL of SubA for beads used to extract
BoNT/A or SubF for beads used to extract BONT/F. The final concentration of substrate was
50 pmol/uL. All samples then were incubated at 37°C for 4 hr with no agitation. A 2-pL
aliquot of each reaction supernatant was mixed with 18 UL of matrix solution consisting of
a-cyano-4-hydroxy cinnamic acid (CHCA) at 5 mg/mL in 50% acetonitrile, 0.1%
trifluoroacetic acid (TFA), and 1 mM ammonium citrate. A 0.5-pL aliquot of this mixture
was pipeted onto one spot of a 384-spot matrix-assisted laser desorption/ionization
(MALDI) plate (Applied Biosystems, Framingham, MA). Mass spectra of each spot were
obtained by scanning from 1100 to 4800 myz in MS-positive ion reflector mode on an
Applied Biosystems 5800 Proteomics Analyzer (Framingham, MA). The instrument uses an
Nd-YAG laser at 355 nm, and each spectrum is an average of 2400 laser shots.

Digestion of BONT

Following Endopep-MS analysis, the beads were washed once with 100 uL of HBS-EP
buffer and then reconstituted in 15 puL of 50 mM ammonium bicarbonate, pH of 7.5 (tryptic
buffer) and 2 pL of stock trypsin, and digested for 5 min at 52°C. Following digestion, the
supernatant was then removed from the beads and 1 pL of 10% TFA was added to the
supernatant. A second, independent digestion (5 min at 52°C) was performed by
reconstitution of the beads in 15 pL of tryptic buffer and addition of 1 pL of chymotrypsin
diluted to 0.2 mg/mL in the tryptic buffer. After digestion, each supernatant was then
removed from the beads and 1 uL of 10% TFA was added. Each digested sample was
analyzed separately.

LC-MS/MS Qualitative Analysis

After digestion, 5 uL of the sample was injected onto a Waters NanoAcquity C18 5 um
UPLC trap column (180 um ID and 2 cm long) and separated on a Waters NanoAcquity C18
1.7 um UPLC column, 100 pm ID and 10 cm long (Waters, Milford, MA). After a trap-
loading flow rate of 5 pL/min for 5 min, the peptides were eluted from the column at a flow
rate of 600 nL/min using the following gradient conditions, where A is water with 0.1%
formic acid and B is 100% acetonitrile with 0.1% formic acid: A=95% and B=5% at 0 min;
A= 85% and B=15% at 10 min; A=65% and B=35% at 60 min; A=30% and B=70% at 62
min; hold for 5 minutes, A=95% and B=5% at 70 min; hold for 10 minutes.
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Peptides eluting from the column were introduced into a LTQ-Orbitrap Elite instrument
(Thermao Fisher Scientific, San Jose, CA) using a Bruker CaptiveSpray ion source (Bruker-
Michrom Inc, Auburn, CA). The instrument was operated in data-dependent acquisition
mode to automatically record both MS and MS/MS spectra. The orbitrap was used for MS
acquisition with a resolution of 60,000 from 400 to 1600 m/z. Simultaneously, the linear ion
trap was used for MS/MS analysis of the fifteen most abundant ions in each MS scan.
Automatic gain control was used to accumulate ions for orbitrap analysis with a target value
of 1,000,000 and 10,000 for MS and MS/MS analysis respectively. Collision energy of 35%
was utilized in the linear ion trap to fragment the tryptic and chymotryptic digest fragments.
Database searches were conducted using Mascot (Matrix Science Inc, Boston, MA, version
2.2.0) against a database generated by extracting entries from the NCBI non-redundant
database using “clostridia” as the extraction parameter with 9 maximum missed cleavages,
non-specific enzyme, peptides with up to +4 charge, MS1 tolerance of 20 ppm and MS/MS
tolerance of 0.8 Da.

LC-MS/MS Quantitative Analysis

BoNT digests were spiked with 1.4 pmol of MassPREP digestion standard yeast alcohol
dehydrogenase (Waters, Milford, MA) as a control for quantitative purposes. NanoESI LC-
MS/MS quantitative analysis was performed on a Synapt hybrid tandem mass spectrometer
(Waters, Milford, MA) connected to a nano-Acquity UPLC (Waters, Milford, MA) using the
same buffers and gradient conditions for separation as described above. Analysis was
performed using an MSE (Protein Expression) method consisting of alternating low and high
collision energy scans in a data-independent format with nvz range of 50-1990 in 1.8 sec.
Lockmass data was also obtained on a separate channel to acquire accurate mass
measurement using GluFib. Data were processed with ProteinLynx Global Server (PLGS
v2.5; Milford, MA) with a database search against the same database as described above.
The relative protein quantification of individual replicates (three) was determined based on
the average MS signals of the three most intense tryptic peptides per protein, through use of
the PLGS IdentityE software. Once processed, the data sets were exported from PLGS and
clustered according to digestion number for further evaluation by use of Excel. The
femtomole on column values were calculated by averaging the technical replicates,
excluding outliers with 30% or greater variation. These values were then averages on the
basis of lot grouping. The lot grouping averages values were used to determine the ratio of
each toxin type.

MSD immunoassays

BoNT/A2 and total BONT/F concentrations were determined using quantitative
electrochemiluminescent sandwich immunoassays. For the BoNT/A determinations, special
plates were coated with monoclonal antibodies CR2 and RAZ1. A regression curve was
generated using serial dilutions of BONT/A2 complex as a standard. Sample dilutions of
crude Af84 culture supernatants were applied to test wells in duplicate. Polyclonal rabbit
anti-BoNT/A antibodies were used to detect bound toxin. A secondary antibody of goat anti-
rabbit antibodies conjugated to SULFO-TAG (Meso Scale Diagnostics, Gaithersburg, MD)
bound to polyclonal rabbit antibodies if present and provided a response signal when the
plates were electronically processed. Signal responses ranged from a maximum of
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approximately 800,000 MSD units with background signals of ~500 units, providing a
dynamic range of greater than three logs for the assay. The BoONT/F determinations used a
similar assay protocol. Plates were coated with equine anti-BoNT/F antibodies (Perimmune,
Rockville, MD). The regression curve was generated using dilutions of BoNT/F1 complex.
A combination of three BoNT/F-specific, cross-reactive mouse monoclonal antibodies (6F8,
6F9, and 6F10) were used for detection, followed by goat anti-mouse/SULFO-TAG (Meso
Scale Diagnostics, Gaithersburg, MD). For the BoNT/F assay, maximum responses of
~900,000 were recorded, with background signals of less than 1500. A dynamic range that
was similar to that of the BONT/A assay was obtained. Regression curves were generated
and analyzed using four parameter logistic curve fitting (Discovery Workbench 4.0). Results
were used to calculate BoONT/A2 and total BoNT/F concentrations and relative percentages
for the toxins in the same crude culture supernatants that were used for mass spectrometry
studies.

In this work, we sought to first determine if all three neurotoxins (BoNT/A2, /F4, and /F5)
were present and then determine if the neurotoxins present were enzymatically active. We
used a mass spectrometry proteomics approach to detect and differentiate the protein
neurotoxins produced by C. botulinum Af84, independent of their activity. In this process,
the neurotoxin is digested into peptide fragments and introduced into the mass spectrometer.
Once inside the mass spectrometer, the peptide is fragmented, resulting in a MS/MS
spectrum.

An analysis of the peptide fragments following a digestion of material extracted from C.
botulinum Af84 using antibodies specific for BONT/A indicated that BoNT/A2 was present
in this sample. Figure 1 lists the amino acid sequence for BONT/A2 predicted from its gene
sequence. Residues for which MS/MS amino acid sequence information was obtained in this
experiment are marked in red font. MS/MS sequence data was obtained from 154 peptides,
and comprises 79.4% of the protein. Residues which are unique to only BONT/A2 are
underlined. We obtained MS/MS information on 13 peptides unique to BoONT/A2 which
encompasses 11 of the amino acid residues found only in BONT/A2, as compared to all
published sequences of BoONT/A. Collectively, these data demonstrate that the bont/A2 gene
is expressed as the BoNT/A2 neurotoxin in C. botulinum Af84.

Next, we examined BoNT/F following an extraction of a culture supernatant from C.
botulinum Af84 using antibodies for BONT/F. MS/MS analysis indicated the presence of
two BoNT/F proteins; BONT/F4 and /F5. Figure 2 is an alignment of the predicted amino
acid sequences of BoONT/F4 and /F5. Residues for which MS/MS amino acid sequence
information was obtained are marked in red font. We obtained MS/MS information on 19.7
% of the BONT/F4 protein and 51.1 % of the /F5 protein. Seven of the peptides were
common between BoNT/F4 or BoNT/F5, 11 peptides were specific for BONT/F4 and 34
peptides were specific for BONT/F5. The presence of these peptides found only in BoNT/F4
or /F5 indicates that both BoNT/F4 and /F5 are in the culture supernatant and that both the
bont/F4 and bont/F5 genes are expressed as neurotoxins in C. botulinum Af84. Additionally,
experiments carried out with C. botulinum Af84 obtained from a different laboratory (data
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not shown) also yielded evidence for the existence of all three proteins with 80.2% sequence
coverage for BONT/A2, 49.5% sequence coverage for /F4, and 68.6% sequence coverage for
BoNT/F5.

As a further demonstration of the existence of both BoNT/F4 and /F5, Figure 3 is the
MS/MS spectra from similar peptides generated from the tryptic digest of BONT/F4 and /F5.
The peptide 1067VFDTELDKTEIETLYSDEPDPSILK1091 is from BoNT/F4 and is found
only in /F4 and the peptide 1067VFNTELDKTEIEILYSNEPDPSILK1091 is from /F5 and
is also found only in /F5. The y ions are marked in blue and b ions are marked in red. The
two peptide sequences are closely related and the spectra appear similar. The y ions show
that the y5 and y7 are the same in both spectra at m/z557.5 and 769.4; however the yg of the
peptide from BoNT/F5 is 1 Da less than the yg from BoNT/F4. This is because the yg ion
contains an asparagine in BONT/F5 rather than an aspartic acid in /F4, and asparagine is 1
Da less than aspartic acid. This pattern continues for the remainder of the y ions.

Examining the b ions, the smallest b ion common to both spectra is the bz ion. The byzion
encompasses two differences in the peptides: the aspartic acid in position 3 of the peptide
from BoNT/F4 becomes an asparagine in BoONT/F5 for a decrease of 1 Da, and the threonine
in position 13 of the peptide from BoNT/F4 becomes an isoleucine in /F5 for an increase of
12 Da. These changes explain the increase in 11 Da of the b1z ion from BoNT/F5 compared
to that of /F4. The doubly-charged b ions from by4 to byg also display this same pattern;
however, because these are doubly-charged ions, the nvz difference is approximately 5.5 Da.
The doubly-charged bygion is slightly different, accounting for the third difference between
these two peptides; the residue at position 17 is an aspartic acid in BONT/F4 and an
asparagine in /F5. Therefore, the doubly-charged b ions at b1g and higher are only separated
in mass by 5 Da. These MS/MS spectra prove the existence of both peptides in the digest,
indicating the presence of both BoNT/F4 and /F5 in this sample. It is also important to note
that the peptides discussed in Figure 3 are just one example and that there are several other
peptides that confirm the presence of both BoNT /F4 and /F5 in this sample, indicated in red
font in Figure 2.

C. botulinum strain Af84 was reported to be a bivalent strain, producing more BoNT/A toxin
than BoNT/F toxin; hence, the designation Af. We used a label-free quantitative mass
spectrometric method to estimate the amount of all three toxin types present in mAb
extractions from three culture supernatants grown in TPGY medium (Table 1). Through this
work, we determined that the toxins are present in a mixture consisting of 88% BoNT/A2,
1% BoNT/F4, and 11% BoNT/F5. These culture supernatants had roughly 7 times as much
BoNT/AZ2 as total BONT/F (/F4+/F5) which is in agreement with the designation of Af for
this toxin. To ensure that the ratio of toxin on the antibody-coated beads was representative
of the ratio of toxin in the culture supernatant, we analyzed antibody-coated beads
representing a second extraction of the sample. This second extraction yielded no evidence
for toxin (data not shown).

Toxin concentrations for the BoNT/A2 and BoNT/F components were also determined using
an electrochemiluminescence immunoassay. The type A2 toxin was present at 101 pg/ml in
the crude culture supernatant and the combined concentration of the BoNT/F toxins was
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16.4 ug/ml. Thus, the sample contained 87% type A and 13% type F toxin, which
corresponds closely to the toxin composition determined using label free MS quantitation.
While these results are based on toxin concentration, not activity ratios, the results also align
closely with the reported results when comparing toxin amounts using mouse bioassays.

Having determined that C. botulinum strain Af84 contains BONT/A2, /F4, and /F5, we then
determined the enzymatic activity of these toxins, or the light chain functionality of the
neurotoxin. Beads coated with antibodies to BoNT/A were used to extract the BONT/A
portion from C. botulinum Af84 and were incubated with a peptide substrate (SubA) which
mimics the natural target of the light chain of BONT/A, SNAP-25 (Figure 4A). BoNT/A
cleaves this peptide at the equivalent of 196Q of SNAP-25, which results in peptides of
Acetyl-RGSNKPKIDAGNQ with myz of 1426.8 and RATRXLGGR-NH, with myz of 998.7.
Figure 4A has peaks corresponding to both of these cleavage products (marked with
asterisks), indicating that the BoNT/A in this sample is enzymatically active. Peaks at m/z
1911.1 and 1282.8 correspond to cleavage of the peptide substrate following arginines by
non-specific proteases.

In order to determine the activity of BONT/F, beads coated with antibodies to BONT/F were
used to extract the BoNT/F portion from C. botulinum Af84 and were incubated with a
peptide substrate (SubF) which mimics BoNT/F’s natural target, synaptobrevin-2.
BoNT/F1-/F4 and /F6-/F7 cleave this peptide in the same location, corresponding to 58Q of
synaptobrevin-213, resulting in cleavage products
TSNRRLQQTQAQVDEVVDIMRVNVDKVLERDQ with m/z of 3782.9 and
KLSELDDRADAL with m/z of 1345.621:26, However, BONT/F5 cleaves this peptide in a
different location, which is equivalent to 54L of synaptobrevin-27. This results in cleavage
products TSNRRLQQTQAQVDEVVDIMRVNVDKVL at m/z3254.5 and
ERDQKLSELDDRADAL at m/z1872.8.

Figure 4B is the resultant spectrum after incubating this peptide substrate with the BoNT/F
extracted from C. botulinum Af84. Peaks are visible at m/z 1345.6, 1872.8, and 3254.5. The
peaks at m/z 1872.8 and 3254.5 indicate the presence of enzymatically active BoNT/F5 in
this sample and the peak at m/z 1345.6 indicates the presence of enzymatically active
BoNT/F4 in this sample. The N-terminal cleavage product produced by cleavage of the
substrate by BoNT/F4 is a long peptide with a molecular weight of 3783 Da and historically
is rarely seen by MALDI-TOF/MS. However, the absence of peak could also be explained
by cleavage of the BoNT/F4 N-terminal cleavage product by /F5, resulting in the peak at
1872.8 m/'z

To test this possibility, we tested the N-terminal cleavage product of BONT/F4 as a substrate
for BoNT/F5 activity. Cleavage of the peptide
TSNRRLQQTQAQVDEVVDIMRVNVDKVLERDQ by BoNT/F5 should result in peaks at
m/z 3254.5 and 546.3. Conversely, we also tested the C-terminal cleavage product of
BoNT/F5 as a substrate for BONT/F4 activity. BoONT/F4 cleavage of the peptide
ERDQKLSELDDRADAL would result in peaks at m/z546.3 and 1345.6. After incubation
with BoNT/F4 and /F5, respectively, both peptides remain unmodified (data not shown),
indicating that BoNT/F5 is not able to cleave the BoNT/F4 N-terminal cleavage product.
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Collectively, these peaks indicate that both forms of BoNT/F in this sample, BONT/F4
and /F5, are enzymatically active, and that once cleaved by one subtype, the peptide
substrate is not able to be cleaved by the other subtype. Additional peptide substrate
cleavage experiments with C. botulinum Af84 obtained from a different laboratory also
yielded evidence for the presence of three enzymatically active neurotoxins (data not
shown).

Discussion

Typically, one strain of C. botulinum produces only one toxin type of BoNT. A few strains,
known as bivalent strains, produce more than one serotype of toxin. In all cases prior to this
report, the bivalent strains produce two different serotypes of toxin, with more of one
serotype produced than the other. The known bivalent strains of C. botulinum produce
BoNT/A and /B, /A and /F, or /B and /F of a single subtype. This work represents the first
report of one strain of C. botulinum which produces more than two types of neurotoxins.
Additionally, this is also the first report of two different subtypes of neurotoxin produced
within the same strain.

Although it was reported recently that the genes for all three neurotoxins were present in C.
botulinum Af8423, it was not known until this report if these genes were expressed as
proteins, and if so, whether the proteins were enzymatically active. Although sequencing of
the genes in a strain of C. botulinum is important, it is also important to determine the
presence of the proteins produced by C. botulinum. For instance, BoONT A1(B) C. botulinum
strains are abundant in the United States. These strains contain genes for both BoNT/A and
BoNT/B; however, only the protein for BONT/A is produced and functionally active. It is
possible that genes may not be expressed for a variety of reasons, such as lack of a promoter,
so it is important to determine which toxin proteins are actually produced and if they are
enzymatically active.

Additionally, we sought to determine the amount of each toxin produced using label free
MSE quantification. This method involves mAb extraction of BoNTSs followed by digestion
of the BoNTSs into peptides and addition of a known amount of a standard protein (yeast
alcohol dehydrogenase) digest. The digest of the standard protein is used as a control to
calculate the quantity of specific BONT peptides present in the digest, which potentially
relates to the amount of BoNT. Because BoNT/A2, /F4, and /F5 have differences in their
amino acid sequences, some of the peptides resulting from a digest of these three toxins are
unique, and these peptides were used for quantification.

In this report, we demonstrate through a proteomics method that BONT/A2, /F4, and /F5 are
all produced in C. botulinum Af84. The botulinum neurotoxin protein is composed of an
amino-terminal light chain polypeptide and a carboxy-terminal heavy chain polypeptide.
Examining the regions for which we have MS/MS information (Figures 1 and 2), it is
apparent that amino acid sequences from both the light chain and the heavy chain of the
neurotoxins BoNT/A2, /F4, and /F5 are present. We do not have MS/MS information on the
entire protein for any of the proteins produced by this strain of C. botulinum, but we do have
sufficient information to determine that both the light and heavy chains of the three proteins
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(two of which are closely related) are present. The high degree of sequence variation
between the two F subtypes aids in accurate determination of these two subtypes; it should
be noted that this high degree of sequence variation is unlike anything else at the subtype
level as BONT/F5 is the most divergent of any of the subtypes!4.

Not having MS/MS information on the entire protein is a typical situation and high sequence
coverage for a protein in low abundance from complex matrices is rare. Our laboratory has
previously reported on our ability to distinguish BONT/A1 from /A2. BoONT/Al and /A2 are
more closely related than BoNT/F4 and /F5 and yet we have been able to confidently
differentiate those toxins using similar sequence coverages as reported here. Furthermore,
our quantification of the amount of toxins in this sample helps to explain why we have
varied MS/MS information for all three toxins. Our estimation of approximately 88 times
more BoNT/A2 than /F4 in this sample, determined using a label-free mass spectrometric
quantitative method, is reflected in the difference in sequence coverage of these toxins. We
were able to obtain sequence information on approximately 80% of the BONT/A2 protein
whereas we were only able to obtain sequence information on about 20% of the BoONT/F4
protein. As a general rule, higher sequence coverages are seen for proteins in greater
abundance. This also explains why we have approximately 50% sequence coverage for
BoNT/F5, whose level falls between that of BONT/A2 and /F4.

After determining the presence of all three neurotoxin proteins in C. botulinum strain Af84,
we next sought to determine the amount of each of the neurotoxins. MS-based quantification
methods have often necessitated the creation of an internal standard in the form of an
isotopically-labeled peptide which behaves the same as the native peptide in the mass
spectrometer, but can be differentiated from the native peptide due to its increase in mass.
Recently, a new quantitative label-free MS-based method known as MSE has been
developed?’. This method uses alternating high-energy and low-energy scan measurements
to obtain information on the intact peptide in the low-energy mode and the peptide’s
fragment ions in the high-energy mode. Bioinformatics software then matches the fragment
ions to the corresponding intact peptide. This method has demonstrated linearity of
quantification over a concentration range of 0.061-62.5 pmol/mL for a four protein mixture,
and 0.48-62 pmol/mL for a mixture of the same four proteins spiked into serum?”.

Through label free MSE quantification, we determined that the toxin composition of this
sample is 88% BoNT/A2, 1% BoNT/F4, and 11% BoNT/F5, or 88% BoNT/A and 12%
BoNT/F. Additionally, toxin composition of 87% BoNT/A and 13% BoNT/F was also
determined using an electrochemiluminescence immunoassay. These findings are similar to
results reported by Giménez and Ciccarelli, in which BoNT/A was found to constitute about
90% of the total toxicity of C. botulinum Af8419. It should be noted that we present here a
ratio of the amounts of toxin present in the sample and not a ratio of toxicity of toxins, as
was presented in earlier studies®23. There can be difficulties in using toxin activities to
determine toxin amounts. For instance, the specific activity/mg of some serotypes are known
to vary by up to an order of magnitude and the specific activities of the toxins in this report,
BoNT/F4 and /F5, are not known. Nevertheless, our estimation of approximately 88%
BoNT/A based on toxin amount is similar to the earlier report of about 90% BoNT/A based
on toxicity.
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This label free MSE quantification was performed on BoNT extracted from the supernatant
of C. botulinum Af84 using monoclonal antibodies to BoNT. It could be argued that the ratio
of BoNT extracted from the supernatant is not the ratio of BoNT in the supernatant.
However, we provide evidence that all toxin in the supernatant is extracted with the mAbs
because there is no toxin post-extraction upon testing the supernatant with a second set of
mAbs. Additionally, BONT/F4 and /F5 bind equally to mAb 6F5. The epitope to 6F5 is
known and is underlined in Figure 2 as peptide YNSYTSDE in BoNT/F4 and YNNYTSDE
in /F5. There is only one difference in this epitope comparing /F4 to /F5, and this difference
is in a location which is known to be unimportant for 6F5 binding; the four residues critical
for 6F5 binding are the Y, Y, D, and E in that epitope?2.

Moreover, similar results obtained from a separate assay (the MSD immunoassay) using a
polyclonal equine anti-BoNT/F antibody for extraction, further support the theory that all
BoNT/F was extracted from the culture supernatant. It is important to note that different
culture conditions affects toxin production; sometimes in dramatic fashion28-30, In this
work, we present data from two separate assays which support the BONT composition as
approximately 88% BoNT/A2 and 12% BoNT/F; however, we fully acknowledge that this
composition is dependent upon culture conditions and would likely change using different
culture conditions.

After determining that BoONT/A2, /F4, and /F5 proteins were produced by C. botulinum
Af84, we next tested their function. This is important as function cannot be assumed from
the discovery of the presence of the protein. Different factors can affect the function of a
protein, only some of which can be ascertained through knowledge of the protein’s amino
acid sequence. For example, the presence or absence of post-translational modifications can
influence the function of a protein, and these post-translational modifications are not
encoded in the amino acid sequence of the protein. Through this work, we determined that
the all three neurotoxins; BoNT/A2, /[F4, and /F5, are enzymatically active, displaying the
expected function of these proteins.

It should be noted that the route to this discovery was simplified because all three
neurotoxins have different enzymatic activity. Although BoNT/F4 and /F5 both cleave the
same substrate, they cleave it in different places, producing cleavage products of different
masses which can be easily identified and differentiated with the mass spectrometer.
Alternate methods which monitor only cleavage of the substrate without knowledge of the
location of cleavage could not distinguish between BoNT/F4 and /F5 activity. Actually,
previous enzymatic activity studies with C. botulinum Af84 were performed using the
mouse bioassay, and this assay was unable to determine the location of BoNT cleavage.
Similarly, if BONT/F4 and /F5 had the same enzymatic activity upon the substrate, it would
have been considerably more difficult to ascertain the enzymatic activity of both toxins.

It should also be noted that, although we report here that this sample contains almost an
order of magnitude less BoONT/F4 than /F5, this difference does not necessarily translate to a
difference in the enzymatic activity of the light chains upon our peptide substrate. Indeed,
looking at the spectrum in Figure 4B, it appears that the light chain enzymatic activity of
BoNT/F4 is approximately equal to that of BONT/F5. lonization differences in the C-
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terminal cleavage products are generated by the activity of BoNT/F4 and /F5 upon the
peptide substrate. Because these cleavage products seen at m/z1345.6 and 1872.8 ionize
differently in the mass spectrometer, we cannot truly estimate the ratio of BONT/F4 to /F5
by estimating the ratio of those two peaks, but the results do suggest that perhaps BoNT/F5
has greater enzymatic activity for cleavage of this peptide mimic than BoNT/F4.

We did not test the functionality of the heavy chain in this work; however, it should be noted
that the antibodies used for extraction of BONT/A2, /F4, and /F5 are all directed against the
heavy chain of the toxin, and all three toxins were successfully extracted with these
antibodies. Therefore, the portion of the heavy chain which serves as the epitopes for these
antibodies has the expected conformation and ability to bind antibodies. Additionally,
because we observe light chain enzymatic activity from material extracted using antibodies
to the heavy chain, we know that the light chain is connected to the heavy chain as expected.
Based on these findings, we fully expect that the heavy chain of all three neurotoxins is also
functional, yielding three completely functional BoNTs in C. botulinum Af84.

In summary, we report here that C. botulinum strain Af84 produces three neurotoxins:
BoNT/A2, /[F4, and /F5. This determination was made through a mass spectrometry
proteomics study, carefully examining the amino acid sequence of all three neurotoxins, two
of which are related as they are from the same serotype, and comparing them to the data
generated during this study to ensure confident protein identifications. MSE Label free
quantification of the three toxins showed that the toxin composition is 88% BoNT/A2, 1%
BoNT/F4, and 11% BoNT/F5. In addition, we report that the light chains of all three
neurotoxins are enzymatically active. This was determined by immunoaffinity extraction of
the neurotoxins from C. botulinum Af84 by antibodies specific to the heavy chain and the
addition of peptide substrates known to be cleaved by the neurotoxins. Because the cleavage
of the peptide substrates was monitored by mass spectrometry, the enzymatic activity of
BoNT/F4 could be distinguished from /F5, successfully proving that all three neurotoxins
produced by C. botulinum strain Af84 are enzymatically active.
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CHCA a-cyano-4-hydroxy cinnamic acid
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MALDI matrix-assisted laser desorption ionization
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PFVNKQFNYK
PPEAKQVPVS
TIDTELKVID
STQYIRFSPD
VFKVNTNAYY
SIIGTTASLQ
NRKTYLNEDK
LFEFYKLLCV
TADTNIEAAE
KYELDKYTMF
MFLNWAEELV
VAMLEFIPEY
NTQIDLIREK
ININKFLDQC
NNTLSADIPF
DRVYYDSIDK
YTIINCIENN
NRLTKSKIYI
KEIKDLYDSQ
SVVTTNIYLN
VEKILSALET
VASNWYNRQV

DPVNGVDIAY
YYDSTYLSTD
TNCINVIQPD
FTFGFEESLE
EMSGLEVSFE
YMENVEFKEKY
AVFRINIVPD
RGIIPFKTKS
ENISLDLIQQ
HYLRAQEFEH
YDETDETNEV
ALPVFGTFAI
MKKALENQAE
SVSYLMNSMI
QLSKYVDNKK
NQIKLINLES
SGWKVSLNYG
NGRLIDQOKPI
SNSGILKDEW
STLYEGTKEF'I
PDVGNLSQVV
GKASRTFGCS

Figure 1.
Amino acid sequence of BoNT/A2 from C. botulinum strain Af84. MS/MS evidence was

found for amino acids marked in red, and residues unique to BoNT/A2 are underlined.

IKIPNAGOMO
NEKDNYLKGV
GSYRSEELNL
VDTNPLLGAG
ELRTFGGHDA
LLSEDTSGKF
ENYTIKDGFEN
LDEGYNKALN
YYLTEFDFDNE
GDSRIILTNS
TTMDKIADIT
VSYIANKVLT
ATKATINYQY
PYAVKRLKDF
LLSTFTEYIK
STIEVILKNA
ETTWTLODNK
SNLGNIHASN
GNYLQYDKPY
IKKYASGNED
VMKSKDDQGI
WEFIPVDDGW

PVKAFKIHNK
TKLFERIYST
VIIGPSADII
KFATDPAVTL
KFIDSLOENE
SVDKLKFDKL
LKGANLSTNF
DLCIKVNNWD
PENISIENLS
AEEALLKPNV
TIVPYIGPAL
VQTINNALSK
NQYTEEEKNN
DASVRDVLLK
NIVNTSILSI
TVYNSMYENF
ONIQRVVFKY
KIMFKLDGCR
YMLNLFDPNK
NIVRNNDRVY
RNKCKMNLQD
GESSL
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FHLYDNIAKL
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Sequence

found for
mAb 6F5.
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MEVVINSFNYDDEVHNDDTILYMOI PYEEKSKKY YKAFE IMENVWIMPERN T IGTHEFEDFDPPASLENGSSAYYDPNY LTTODAEKDEY LK
MEV INSFNYDD WVHD+TILY++ PY E+3 Y+KAF IM NVWI+FER +G S FDPP SLKE G5 Y+DENYL+T+ EK+RYL+
MEVEINSENYDDLVNDHNTILY IRPPYYERSNTY FKAFN IMENVWIIPERYRLGIEASKFDPPDSLERAGSDGY FDPNY LS TNTEEKNRYLQ

TTIKLFKRINSNPRGEVLLOEISYAKPYLGHNDHTPINEFHEVTRTTSVNIKSSTNVESSIILNLLVLGAGPNIFENSSYFVREKLMNSGE
IKLFERINEN AG+H+LL +1 A PYLGN+T ++F RT 5 N++ + + NL++ G GP++
IMIKLFERINSNERGKILLNQIKDATFY LGHNSY TREDQFTTNNRTISFNVRLANGT IEQEMANLI IWGEGEDLTTHRT

VYDESH FGEINIVTFSPEYEY TENDISGGHNS STESFIADPATI SLAHELIHALHGLY GARGVTYKET IEVE--—-QAPLM
¥ P+ FSPEY FNDIS t+ + FI DPAR+ L HELIH LHGLYG TY K+KE P M
TYTPROSLEAIFYKEGFGSIMT IEFSPEYATAFNDISLTSHAPS-LFIKDPALIIMHELIHVLHGLY G-~~~-TYTTGFKIKFNITEFYM

IAEKPIRLEEFLTFGGODLN I ITSAMKER I YNDLLANYEKIATRLSEVNSAFP PEYDINEYENY FOWKY GLDENADGEY TVNENKFNETY
KPI EFLTFGG D+N 1 ++ ++ + +L +YEKIA+RL++VN A E +I+++K +0 KY E+++G ¥Y+V+ +EKFN++Y
EVIKPITSGEFLTRGGNDVNEIPQLIOSQLESKVLDDYEKIASRLNEVNRATAE INI DEFEY SYQLKY QFVEDSNGVY SVDLDEFNELY

KEKLYSFT FNIGNLAVNNEGONINLNPEL IDS T PDEGLY [VELCKSII
E+YSFTE +LA++FK+E RHN+Y K +G +ENLLD+ IY ++GENIGHL+VH +GQ I + I +  E+GHV S+VHLC +
DKIYSFTEFNLAHEFKIKTRNSY LAKNFGPFYLFNLLDNS IYNEADGEFNIGDLEVNYKGOVIGSDIDS IKKLEGOGVVSEVVRLCLNSS

JLANEFEVECRNTY FIK-YGFLEVPNLLDDDIYTVSE

TN

PREGTKAFPRLCIRVNNRELFFVASESSYNENDINTPEE IDDTTHLNNNYRNNLDEVILDYNSETIPQISSOTLNTLVQDDSYVERYDS
+K TK P LCI VNN +LFF+RSE S5Y E+ INTPEEIDDTT L +++MN LD+VILD+N + PQI ++ + T +Q+D+Y+P YDS
FEENTKKF—LCITVHNGDLFFIASEDSYGEDTINTFREIDDTTTLV NILDEVILDFNKQVTPQIFNRERIRTDIQEDNYIPEYDS

NGTSEIEEHNVYDLNAFEY LHAQKVPEGETN IS LTSSIDTALSEESEVY TEFSSEFINNINKEPVHARLE IGWISOVIRDETTESTQREST
HGTSEIEE+NVVDLNAFFY LHAQKVEPEGETNISLTSSIDTALSEESKVYTFFSSEFI+ IN+FPV+AALFI WIS+VIRDETTE+TQEST
HGTSEIEEYNVVDLNAFFY LHAQKVEEGETNISLTSSIDTALEEESKVY TEFESEFI DT INE PVHAR CWISKEVIRDETTEATQKST

VDEIRDISLIVEYVGLALNIGNDARKGNFREAFELLGAAILLEVVPELLIPVILVETIKSFIDSSENED I IKAINNELIEREAKWEEVY
VDEIRDISLIVEYVGLALN KGNFKEAFELLGAAILLEVVFELLIPVILVETIKS+IDSS+N++KIIKAINNSLIEREAKWEE+
VDKIADISLIVE 3 EEGNFKEAFELLGRAI LLEVVPELLIPVILVETIKSFIDSSENEDKI TKATINNS LIEREAKWEEY

YSWIVENWLTRINTQFNKREEQMY QALONQVDATETVIEYKYNS EKNRLESEYNINNIEEELNEKVSLAMENIERFIAESSISY]
YESWIVSHNWLTRINTQFNERKECMY QRLONQVDATKT IEYKYN+YTSDEKNRLESEYNINNIEEELNKEVSLAMENIERFI ESSISYL

YSWI WLTRINTQFNKRKE QMY QAL N VDA I KTAIEYKYNNY TSDEKNRLESEYNINNIEEELNKEVSLAMKNIERFITESSISYL

MELINEAKVEELREYDEGVKEYLLDY ILKNGSI LGDEVQELNDLVTSTLNSST
MELINEA+V +L+EYD+ VE +LL+YI ILG+ EL DLVTSTLHN+SI
MELINEA SKLEKEYDKRVEKRELLEY IFDYRLILGEQGGELIDLVTSTLE

LESYTNDKILIIYFNELYKKIKDNCILDMRYEN
LESYTNDEILIIYFN+LYKKIKD+ ILDMEYEN
S NDEILIIYEFNRLYKKIKDSSILDMRYEN

151

HEFIDISGYGSNISINGELY IYTTNRNQFTIY SGKLSEVN IAQNN DI IYNSRYQNFEISFWVRIFRY SHIVNLNNEY TI INCMGHNNS G
NEFIDISGYGENISING +¥IY+TNRNQE 1Y +LSEVNIAQHNNDIIYNSRYQNESISEWVRIP++ +M N EYTIINCMGHNNNSG
HEFIDISGYGSNISINGNVY IYSTNRNQFGIYDDRLAEVN IAQNNDIIYNSRYQNFSISFWVRI PEHYRPMNHNREY T T INCMGHNNS G

WEISLHYN---KITIWTLODTAGHNEELVENY TQMISISDY INEWIEVT ITHNELGHNSRIY INGHLIDQESISNLGDIHVSDNILFRIVG
WEISL tITWTLQDT+GN +KL+F Y+(Q+ ISDYINEWIFVTITHNRLGHNERIYINGNLI +KSISNLGDIHVEDNILFEIVG
WEISLRTTGDCEIIWTLODTSGNKEELIFRY SOLGEISDY INKWIEVT ITHNRLGHNERIY INGHNLIVEKSISNLGDIHVSDNILFKIVG

CHDTRYVGIRYFKVFDTELDETEIET
C+D YVGIRYEFRVE+ L
CDDEMYVGIRYE HTELDKTEIEI

SDEFDPS ILKDFWGNY LLYNKRY Y LLNLLEKDNAITOSSTFLS I SRARGVDREKANIFSNER
LYZ+EPDPSI sNYLLYNE+YYLLNLLRE D [T++5 L+Is RGY + [EFSH+
HEFDES KKYYLLNLLENDEYITRNSDILNISHQRGVTEDLFIFSNYE

LEDYWGNYL:

LYKGVEVIIRKNEPIDISHNTDNEVREKGDLAY INVVDRDVEYRLYANT SNAQPEKTIKLIRTSNSNDSLDOI IVMDS TGNNCTMNEQNNN
LY+GVEVIIRKEN PIDISNTDNEVEE DLAYINVVD VEYRLYA+ 5 +PEK IKLIR SN +DSL QIIVMDS IGNNCTMMNEQHNN
LYEGVEVIIRKNGPIDISKNTDNEVREKNDLAY INVVDEGVEYRLYADISITHPEKIIKLIRRSNFDDS LGOI IVMDS IGNNCTMNEQNNN

GGNIGLLGFHSNTLVASSWYYNNIREN
GGNIGLLGEFHS+ LVASSWYYNNIERI
GGNIGLLGFHSDNLVASSWYYNNIRRNT

HGCFWSFISEEHGWQE

alignment of BoNT/F4 and /F5 from C. botulinum Af84. MS/MS evidence was
amino acids marked in red. The underlined portion is the epitope of binding to
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Figure 3.
MS/MS of peptides VFDTELDKTEIETLYSDEPDPSILK from BoNT/F4 (A) and

VFENTELDKTEIEILYSNEPDPSILK from BoNT/F5 (B). Each peptide is unique to the
toxin with b ions are marked in blue with y ions marked in red.
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Figure 4.

Mass spectra indicating the light chain enzymatic activity of BONT/A2 (A) and BoNT/F4
and /F5 (B) from C. botulinum Af84. Cleavage products indicating the active toxin are
labeled as * for BONT/A2, ” for BONT/F4, and # for BONT/Fb5.
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Determination of the composition of BoNT in C. botulinum Af84 by MSE.

Table 1

Sample#l | Sample#2 | Sample#3
Concentration of BONT/A2 (fmol/uL) 88 117 99
Concentration of BoNT/F4 (fmol/uL) 1.2 13 11
Concentration of BoONT/F5 (fmol/uL) 12 14 11
BoNT/A2 % 86.7 88.4 88.4
BoNT/F4 % 1.2 0.9 1.0
BoNT/F5 % 12.1 10.6 10.6
Standard deviation of BONT/A measurement 0.97 0.97 0.97
Standard deviation of BONT/F4 measurement 0.85 0.85 0.85
Standard deviation of BoNT/F5 measurement 0.12 0.12 0.12
Coefficient of variation of BONT/A measurement | 1.1 % 11% 11%
Coefficient of variation of BONT/F4 measurement | 7.7 % 77% 7%
Coefficient of variation of BONT/F5 measurement | 11.4 % 11.4% 114 %
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