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Abstract
Botulinum neurotoxins (BoNTs) are used in a wide variety of medical applications, but there is
limited pharmacokinetic data on active BoNT. Monitoring BoNT activity in the circulation is
challenging because BoNTs are highly toxic and are rapidly taken up by neurons and removed
from the bloodstream. Previously we reported a sensitive BoNT “Assay with a Large
Immunosorbent Surface Area” that uses conversion of fluorogenic peptide substrates to measure
the intrinsic endopeptidase activity of bead-captured BoNT. However, in complex biological
samples, protease contaminants can also cleave the substrates, reducing sensitivity and specificity
of the assay. Here, we present a novel set of fluorogenic peptides that serve as BoNT-specific
substrates and protease-sensitive controls. BoNT-cleavable substrates contain a C-terminal Nle,
while BoNT-non-cleavable controls contain its isomer ε-Ahx. The substrates are cleaved by BoNT
subtypes A1–A3 and A5. Substrates and control peptides can be cleaved by non-BoNT proteases
(e.g., trypsin, proteinase K, and thermolysin) while obeying Michaelis-Menten kinetics. Using this
novel substrate/control set, we studied BoNT/A1 activity in two mouse models of botulism. We
detected BoNT/A serum activities ranging from ~3600 to 10 attomol/L in blood of mice that had
been intravenously injected one hour prior with BoNT/A1 complex (100 to 4 pg/mouse). We also
detected the endopeptidase activity of orally administered BoNT/A1 complex (1 µg) in blood 5 h
after administration; activity was greatest 7 h after administration. Redistribution and elevation
rates for active toxin were measured and are comparable to those reported for inactive toxin.

Botulinum neurotoxins (BoNTs) are produced by several strains of spore-forming anaerobic
Gram-positive bacteria of the genus Clostridium and are among the most toxic compounds
known.1–5 The 150-kDa BoNT heterodimeric holotoxin molecule is composed of a 50 kDa
light chain (LC) and a 100 kDa heavy chain.6–7 The enormous toxic potency of BoNT arises
from its zinc-dependent metalloprotease activity, which is located on the LC and is
responsible for proteolytically degrading BoNT's neuronal target proteins.4,8 There are seven
botulinum neurotoxin serotypes (A–G), of which BoNT/A is considered the most toxic,
having an estimated lethal dose in humans of only 1–2 ng/kg body weight when
intravenously injected.9 BoNT/A is currently organized into five subtypes (A1 – A5)10 and
other reported BoNT/A variants could be accepted as additional subtypes.11–12 BoNT/A
inactivates the soluble N-ethylmaleimide sensitive factor attachment protein receptor
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(SNARE) complex by cleaving one of its components, the 25-kDa synaptosomal-associated
protein (SNAP-25).13–14 Proteolysis of SNAP-25 prevents neurotransmitter vesicles from
fusing with the plasma membrane, thereby inhibiting neuronal signal transduction and
causing flaccid paralysis.

BoNTs are classified as biological warfare agents, because of the relative simplicity of
production, and their lethality in minute quantities.9, 15 Despite its toxicity, BoNT/A is used
in many human therapeutic and cosmetic applications.16 BoNT/A-containing medication is
approved by the U.S. Food and Drug Administration for the treatment of strabismus,
blepharospasm, hemifacial spasm, underarm sweating, and muscle pain disorders. Mistakes
in dosing of BoNT/A, however, may cause severe adverse effects, including botulism.17–18

It is feared that patients could receive higher than recommended doses of BoNT, for
example, from multiple injections or from unlicensed, unsuitable preparations of botulinum
toxins.17,19 Highly sensitive, simple, rapid methods to quantitatively detect systemic BoNT
in patient specimens would be useful for studying the mechanism of toxin absorption,
distribution, metabolism, and elimination as well as the use of therapeutic interventions with
neutralizing antitoxins.

The current gold standard for measuring BoNT toxicity is a live-mouse bioassay, which
detects as little as 5 pg of holotoxin.20 However, this assay requires continuous availability
of substantial numbers of mice, is expensive, labor-intensive, and time consuming, requiring
up to 72 h. Other BoNT detection methods are reported to have sensitivities comparable to
or better than the mouse bioassay, but use complex methods or require expensive
instrumentation.21–24 Assays that detect the intrinsic proteolytic activity of BoNT are
potentially very sensitive, quantitative, and simple; however, the accuracy of protease-based
detection assays is limited by interference from non-specific protease contaminants with the
samples.25–29 We developed the BoNT Assay with a Large Immunosorbent Surface Area
(ALISSA)30–31 based on use of a BoNT/A-specific affinity matrix to purify and concentrate
BoNT LC from complex biological samples. The ALISSA detects the catalytic activity of
BoNTs by monitoring the extent of cleavage of fluorogenic peptide substrates. Using the
ALISSA, we have detected sublethal amounts (attomolar concentrations) of BoNT/A, spiked
into milk, serum, carrot juice, and gelatin-phosphate diluents. However, depending on the
sample matrix, the presence of non-specific proteases co-extracted with BoNT, may lead to
false positive signals.

Here we show how we improved our ALISSA methodology by introducing SNAP-25-based
peptide controls that are structurally similar to the ALISSA BoNT/A substrate, cannot be
cleaved by BoNT, but by other proteases. Thus, these peptides can be used as control
substrates to monitor for non-BoNT/A-related protease activity. We describe the design,
construction, and catalytic and kinetic properties of fluorogenic peptides for BoNT/A
ALISSA to selectively detect and quantify BoNT LC-A endoprotease activity in the
presence of other proteases. Furthermore, we demonstrate the application of these novel sets
of peptide substrates and controls in pharmacokinetic studies of botulism in oral and
intravenous mouse models.

EXPERIMENTAL SECTION
Reagents were purchased from Sigma (St. Louis, MO) unless indicated otherwise. 5-
carboxyfluorescein (5-Fam), 7-hydroxy-4-methylcoumarin-3-acetic acid (4-MU) and N-α-
Fmoc-N-ε-(4,4-dimethylazobenzene-4’carbonyl)-L-lysine (Fmoc-Lys(DABCYL)-OH) were
obtained from AnaSpec (Fremont, CA). Dimethyl sulfoxide (DMSO) was from Thermo
Fisher Scientific (Waltham, MA), and acetonitrile (CH3CN) from Fisher Chemical
(Lafayette, CO). BoNT/A, B, C, E and F complexes were purchased from Metabiologics,
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Inc. (Madison, WI). All toxin work was conducted under BSL2 conditions, and toxin stocks
were handled under a bio-safety cabinet. SNAPtide (FITC/DABCYl, product #521)
fluorogenic peptide was from List Biological Laboratories (Campbell, CA). Protein A/G
agarose beads were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The proteases
used were: thermolysin from Bacillus thermoproteolyticus Rokko (Sigma-Aldrich),
proteinase K (Roche Applied Science, Indianapolis, IN) and trypsin (Promega, San Luis
Obispo, CA). Pooled human serum was from Innovative Research, Inc. (Novi, MI).

Antibodies
Rabbit polyclonal antibodies raised against BoNT/A toxoid were obtained from Abcam
(ab20641, Cambridge, MA). Rabbit anti-SNAP-25 IgG was from Sigma. IR-Dye 680-
conjugated polyclonal donkey anti-rabbit, highly cross adsorbed IgG was purchased from
Li-Cor (Lincoln, NE). The 5A20.4 monoclonal antibody was a gift from Dr. James Marks.32

For the cloning, expression, and purification of recombinant LCs of BoNT/A subtypes A1 to
A5. LC subtypes A1 to A5, containing residues 1–438 were generated by PCR using
genomic clostridial DNA as template (Genbank ID: LC-A1, M30196; LC-A2, EF028393;
LC-A3, 6030483; LC-A4, DQ185901; LC-A5, EU679004) and the forward primer
CTCTGGATCCCCATTTGTTAATAAACAATTTAATTATAAAG and the reverse primer
CTCTCCCGGGTTTAAAAGGTATTATCCCTCTTACACATAGC. Using BamHI and
XmaI restriction, the LC-A PCR products were cloned into the pAR1133 vector 24 which
encodes a Strep-tag II. Nucleotide sequences of all mutants were verified by DNA
sequencing. Recombinant LC-As were expressed in the E. coli strain M15pREP4 (QIAGEN,
Hilden, Germany) for 16 h at 22°C and purified on StrepTactin-superflow beads (IBA
GmbH, Goettingen, Germany) according to the manufacturer’s instructions. Fractions
containing the LCs were dialyzed against 150 mM K-glutamate, 10 mM HEPES-KOH, pH
7.2, shock frozen in liquid N2 and stored at −70 °C.

Recombinant SNAP-25
SNAP-25 was cloned as variant B from human adult normal tissue brain cDNA (BioChain
Institute, Newark, CA) using primers ACCATGGCCGAAGACGCAGACATG and
ACAGCTGACCACTTCCCAGCATCT, with restriction sites NcoI and Pvull, into pET
Blue2 (Novagen) using established methods.34 The protein was then expressed in
Tuner(DE3)pLacI E. coli cells (Novagen/EMD Millipore, Billerica, MA) and purified using
a His Trap HP column (GE Healthcare, Life Science, Pittsburgh, PA).

Synthesis of fluorogenic peptides
The fluorogenic peptides f0, fN, fA, m0, mN, mA (Figure 1A) had amidated C-termini and
were synthesized with Rink Amide AM resin LL (100–200 mesh, 300 mg, 75 µmoles,
Novabiochem/EMD Millipore [Billerica, MA]) on an in-house built synthesizer as described
previously with some modifications.35 Briefly, amino acid couplings were conducted using
solid phase chemistry with fluorenylmethoxycarbonyl (Fmoc) aminoprotecting groups,35 but
using a solution of piperazine (6% w/v) and ethanol (6.5%) in dimethylformamide as the
deblocking reagent. Fmoc amino acids had the following side-chain protecting groups: Thr
(t-Bu), Arg (Pbf), Asn and Gln (Trt), Asp and Glu (OtBu). After coupling of the amino
terminal threonine, the peptide resins were split in two. Each half of the resin was coupled
separately to either 5-(6) carboxy fluorescein or to 7-hydroxy-4-methylcoumarin-3-acetic
acid, followed by removal of the Fmoc groups. Average coupling yields were ~99.5% per
step. Peptide resins were cleaved in a mixture of water (300 µL) and triisopropyl silane (200
µL) in trifluoroacetic acid (TFA, 5 mL) for one hour at 40°C in a sonicator. The resin
suspensions were then filtered and dichloromethane (2–5 mL) was added to the resins on the
filters. Filtrates were collected and extracted with n-hexane (7–10 mL) three times, which
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removed most of the TFA and reduced the peptide solutions to ~2.5 mL each. Peptides were
then precipitated at −20°C by addition of cold methyl t-butyl ether (10 mL). The precipitate
was collected by centrifugation, washed with methyl t-butyl ether (10 mL), lyophilized, and
dissolved in DMSO (2.5 mL). After test separations on an analytical HPLC, the bulk
peptides were purified on a 250 × 10 mm HPLC column with Hamilton PRP-1 12–20 µm
polymeric support, using a 40 min gradient of water:acetonitrile, 90:10 to 50:50, with
constant TFA (0.1%).

Peptide structure validation
Molecular weights of newly synthesized peptides were confirmed by matrix-assisted laser-
desorption time-of-flight mass spectrometry on a prO-TOF 2000 (Perkin Elmer, Fremont,
CA) with α-cyano-4-hydroxycinnamic acid matrix (Waters, Milford, MA). Excitation,
emission and absorption spectra of peptides in 20 mM HEPES (pH 7.8) and 0.1 % Tween-20
were measured on a SpectraMax M2 Microplate Reader (Molecular Devices, Sunnyvale,
CA). Fluorescence intensity was measured in 100-µL half area polystyrene 96-well black
microplates (Corning Life Sciences, Lowell, MA) with a Victor X2 Multilabel Plate Reader
(Perkin Elmer) using excitation/emission wavelengths of 355 nm/460 nm and 485 nm/535
nm for 4-MU and 5-Fam-containing peptides, respectively.

Kinetics with BoNT/A and other proteases
All buffers and solutions were prepared using 18 MΩ/cm-conductivity, autoclaved, protease-
free water. Peptide stocks (2.5 mM) were prepared in DMSO, aliquoted and stored at −20°C.
A convenient stock solution (250 µM in 30% acetonitrile) was then used to prepare the
reaction buffer (see below) with peptide concentrations ranging from 0.5–25 µM. Kinetic
parameters of peptides were calculated from nonlinear regression of the initial velocities as a
function of a series of eight stepwise increasing substrate concentrations, with a fixed
concentration of BoNT/A, trypsin, thermolysin, or proteinase K. The change of fluorescence
intensity (ΔRFU) was followed every 2 min for > 1 h at 37°C. Data analysis was performed
with Prism 6.0 software (Graph-Pad Software).

BoNT/A ALISSA
The BoNT/A ALISSA was performed with antibodies immobilized on protein A/G agarose
beads30–31 or onto CNBr-activated sepharose beads, for higher stability.36 Briefly: The
CNBr-activated sepharose beads were washed and allowed to swell in ice-cold HCl (1 mM)
for 30 min (330 mg beads in 1 mL suspension). Subsequently, CNBr-activated beads were
washed with distilled water and coupling buffer (0.1 M NaHCO3, pH 8.3, 0.5 M NaCl).
Antibodies (250 – 500 µg), types as indicated elsewhere in the text, were dissolved in the
coupling buffer, mixed with the beads (1 mL), and rotated for 16 hours at 4°C. Unbound
antibody was removed by washing once with the coupling buffer, after which the beads were
blocked with Tris base (0.2 M, pH 8.0) for two hours at 22°C. Beads were washed at
alternating pHs, first, with basic coupling buffer (pH 8.3) followed by a wash with a mixture
of sodium acetate (0.1 M) and NaCl (0.5 M), at pH 4.0. These washes were repeated four
times. Finally, beads were washed with PBS, re-suspended in ammonium bicarbonate (0.1
M), lyophilized and stored at 4°C.

To generate ALISSA standard curves, dilution series (10−18 – 10−11 M) of BoNT were
generated in pooled human or mouse serum (100 µL), and adjusted to a final 1-mL volume
with IP buffer (0.025M Tris, pH 7.4, 0.15M NaCl, 1% NP-40, 5% glycerol). Antibody-
coupled beads (~5–7 µg of antibody per assay, 200 µL suspension) were transferred into
each BoNT dilution sample and to the toxin-negative control. The bead suspension was
gently rotated on a rotisserie for 2 hours at 22 °C or overnight (~16 h) at 4°C. The beads
were then washed once with IP buffer, twice with Tris-buffered saline (25 mM Tris, 150
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mM NaCl, pH 7.2; 0.5 mL/wash), once with conditioning buffer (5 mM Tris, 30 mM NaCl,
pH 6.5; 0.5 mL/wash), once with 1 M NaCl (0.5 mL/wash) and three times with protease-
free autoclaved water.

Toxin was activated with DTT in the following manner: after incubation with holotoxin or
BoNT complex, beads (100 µL) were transferred into reaction buffer (20 mM HEPES, 0.1%
Tween-20, 5 µM ZnSO4, 10 mM DTT, pH 7.5; 250 µL) and incubated (30 min, 22°C). The
fluorogenic peptides (10 µM) were dissolved in reaction buffer and subsequently added to
the DTT-activated toxin, and incubated in the dark for 2 h at 37° C or for 16 hours at 22° C
under gentle mixing on a rotary shaker (250 rpm). When the BoNT ALISSA was performed
with LC-A1, reduction with DTT was omitted. Instead, to enhance the enzymatic activity of
LC-A1, the reaction buffer was supplemented with bovine serum albumin (0.5%).8

Detection of BoNT/A in serum of intoxicated mice. Groups of three to four female Swiss
Webster mice (18–21 g) for each dose studied, were treated with active BoNT/A complex
either through intravenous injection (i.v., 100 µL), or through oral gavage using Popper
feeding needles (100 µL volumes). BoNT/A1 complex doses for each group were 4, 20, and
100 pg/mouse in the i.v. model, and 1 and 4 µg/mouse in the oral model. At indicated time
points, blood was collected from intoxicated mice by submandibular bleeding into BD
Microtainer serum collection tubes. Blood samples were refrigerated for 1 h at 4°C, and then
centrifuged for 10 min at 3000 g to separate sera from cell fractions. Sera were then
aliquoted and frozen at − 80°C until use. Animal studies were performed according to
approved animal use protocols by the Animal Use and Care Committee of the USDA.

Serum samples were split equally and each portion was analyzed with one set of BoNT-
cleavable peptide substrates and their controls: peptide fN combined with peptide mA, or
mN combined with fA. Standard curves were measured as described above (Figure S-2 in
the Supporting Information). Pharmacokinetic parameters such as the biologic alpha and
beta half-lives (t1/2α and t1/2β) of the toxin were calculated using BoNT/A1 serum
concentrations, measured 7–8 h post oral administration of the BoNT/A1 complex (1 µg/
mouse). Calculations used the following: t1/2 = ln 2/ke,37 where ke is the toxin elimination
rate constant. ke was computed with: ke= − (ln C1− ln C2) / (t1− t2), where C1 is the
concentration at time = t1, and C2 is the concentration at time = t2.37

RESULTS
Design and performance of fluorogenic peptide substrates and controls for BoNT
endoprotease assays

We synthesized a set of six SNAP-25-analogous fluorogenic peptide substrates that used
either 5-Fam (green) or 4-MU (blue) as fluorophores. Donor/acceptor pairs of fluorophores
and quenchers were chosen to minimize background fluorescence. To make the fluorogenic
peptides more stable, we covalently attached 5-carboxyfluorescein (5-Fam) and 4-
methylumbelliferone (4-MU) fluorophores to the amino terminus.38–39 The Stokes shift of
4-MU at 116 nm is more than twice as large as the 50 nm-Stokes shift of fluorescein,40 and
the emission spectrum of the 4-MU-conjugated peptides overlaps perfectly with the
absorption spectrum of the peptide bond-conjugated quencher, 4-((4-(dimethylamino)
phenyl) azo) benzoic acid (DABCYL), leading to low background fluorescence (Figure S-1
in the Supporting Information). The fluorescence quantum yield for the 4-MU blue
fluorophore, however is 70%,41 which is significantly lower than that of the green 5-Fam
fluorophore at 92%.42 We then evaluated the role of the C-terminal amino acid of these
peptides, which corresponds to M202 in the native human SNAP-25 sequence, in their
ability to be cleaved by BoNT and other proteases. This amino acid is replaced with non-
oxidizable norleucine (Nle) in the commercial SNAPtide substrate.43 All peptides had
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identical sequences, except for their amidated C-terminal residue, which was either Nle
(peptides fN and mN), 6-aminohexanoic acid (ε-Ahx)/amide (peptides fA and mA), or
lacked that terminal residue (f0 and m0, Figure 1). Peptides with SNAP-25 sequence that are
C-terminally truncated before M202 (corresponding to Nle here) are not cleaved by BoNT/
A.44 ε-Ahx was chosen as a non-branched isomer of Nle.

All peptides were exposed to BoNT/A complex or trypsin. Only peptides with the Nle
residues were efficiently cleaved by BoNT/A, while trypsin cleaved all six peptides,
including commercial SNAPtide (Figure 1B). We detected negligible BoNT/A-mediated
cleavage of 4-MU-containing peptide substrates that had ε-Ahx (mA) or no terminal residue
(m0). This cleavage was less than 2.78–5.44 % of the extent of cleavage obtained with the
mN peptide, and was only present after extended incubation times (20 h). At shorter
incubation times, such cleavage was not detectable (not shown). No cleavage by BoNT/A
was detected for 5-Fam-conjugated peptide substrates that lacked the C-terminal residue (f0)
or had ε-Ahx in its place (fA, Figure 1B).

Because the peptides containing Nle and ε-Ahx shared almost identical sequences, were
isomers, and were produced with either blue (4-MU) or green (5-Fam) fluorophores, we
investigated if the BoNT-non-cleavable peptides (fA or mA) could be multiplexed with
BoNT-cleavable substrates (fN and mN), to serve as internal controls to identify non-BoNT-
related protease activity. Such use of controls and substrates requires that the controls do not
compete for binding at the BoNT/A catalytic site, which would inhibit BoNT’s proteolytic
activity. To assess the potential inhibitory effect of the BoNT-non-cleavable peptides
(control peptides), BoNT LC-A was incubated with mixtures of control and substrate
peptides, in which concentrations of the control peptides (mA or fA) ranged from 1 nM to
1000 µM, while the concentration of BoNT/A-cleavable peptides (fN or mN) was kept
constant at 5 µM. The mA and fA control peptides had IC50 values of 215 µM and 160 µM,
respectively (Figure S-2 in the Supporting Information). However, in all BoNT detection
experiments we used the control or substrate peptides at working concentrations from 1–10
µM, in which both control peptides fA and mA do not inhibit BoNT/A activity.

Substrates and BoNT/A subtypes
To determine if the BoNT/A-cleavable peptides were hydrolyzed by BoNT/A subtypes, we
exposed combinations of cleavable substrates and non-cleavable controls (fN with mA, and
mN with fA), and commercial SNAPtide to the LCs of subtypes A1–A5 (Figure 1C). fN,
mN, and SNAPtide were cleaved by LC-A1, A2, A3, and A5, but not by LC-A4. LC-A4,
however, did cleave recombinant SNAP-25, albeit to a much lesser extent than did A1-3 and
A5, indicating that LC-A4 had catalytic activity (Figure 1D). The control peptides were not
cleaved by any of the A subtypes. For some subtypes, particularly A4 and A5, negative
ΔRFU values were obtained for the BoNT-non-cleavable controls. This effect likely arose
from quenching of fluorescence by a non-catalytic interaction between the BoNT LCs and
the peptides, because the ΔRFU values were always determined by subtracting the
background fluorescence of a BoNT-free control buffer. None of the other BoNT serotypes
tested (B, C, E, and F) cleaved the substrates or the control peptides (data not shown),
indicating that our set of substrates and controls are specific for detecting BoNT/A activity.

Performance of a substrate/control pair in the bead-based ALISSA
After determining the catalytic properties of the peptides, we tested their performance in a
bead-based reaction using protein A/G agarose beads and rabbit polyclonal antibodies to
BoNT/A toxoid, as done in our initial ALISSAs.30–31 As a control, in which BoNT/A
activity was inhibited, we incubated BoNT/A for one hour with the Zn2+-chelator TPEN (50
µM), one of the most effective metalloprotease inhibitors.45 We then performed enzymatic
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reactions with the BoNT/A-cleavable (fN) and control peptides (fA). Reactions performed
with TPEN showed a significant suppression of fluorescent signal (Figure 2) as compared to
those done without TPEN, confirming that the concentration-dependent increase in
fluorescent signal seen in TPEN-free reactions was generated by the enzymatic activity of
BoNT immobilized on antibody-coupled beads. We also observed a negligible fluorescent
signal produced by cleavage of the fA control peptide, likely indicating the presence of non-
specific protease activity (Figure 2).

Kinetic properties of fluorogenic peptides
BoNT/A-dependent hydrolysis of peptide substrates produced an increase in fluorescence
when measured at excitation and emission wavelengths of 485 and 535 nm for fN and at 355
and 460 nm for mN. We examined the suitability of combining the peptides in the ALISSA
and studied their detailed kinetic behavior when exposed to BoNT/A or other proteases such
as trypsin, proteinase K, and thermolysin (Table S-1, Figure S-3 in the Supporting
Information). The activities of all proteases obeyed Michaelis-Menten kinetics. Although
kcat and Km values varied among enzymes and peptide substrates, the catalytic efficiency
rates kcat/Km were similar and ranged between 1.50 µM−1s−1 to 18.85 µM−1s−1. Comparable
values were reported by Poras et al.27 for cleavage of BoNT/A-cleavable PL50 and PL51
fluorogenic peptide-substrates. For example, trypsin cleaved fN and mN at a higher kcat
rate, but at increased Km values, resulting in kcat/Km values, comparable to those for BoNT/
A. The control peptides fA and mA were cleaved by trypsin, thermolysin, and proteinase K
at kinetic parameters similar to those of the BoNT/A-cleavable peptides fN and mN.
Combining BoNT/A-cleavable and control peptides in the same assay appeared to be
feasible, and would allow us to distinguish between true and false-positive ALISSA signals.

To compare signals from fluorophores that have different quantum yields (see above), we
correlated signals from fA versus those of mA. Each peptide-substrate with a specific
fluorophore was combined with a BoNT/A non-cleavable control peptide that was
conjugated with the other fluorophore. For example, the 5-Fam-conjugated peptide-substrate
fA was combined with the 4-MU-conjugated control peptide mA (Figure 3, upper panels)
and vice versa (Figure 3, lower panels), and then incubated with trypsin, proteinase K, or
thermolysin at varying concentrations (10 fM to 100 pM). The relationship between the
fluorescent signals produced by 5-Fam and 4-MU-conjugated peptides was linear (Figure 3),
which allows comparison of fluorescent signals from the different peptides and
fluorophores.

ALISSA quantification of BoNT/A activity in mouse models of botulism
We further investigated the utility of our novel peptide-substrates and their controls in a
pharmacokinetic study involving two mouse models of botulism. BoNT/A ALISSA with the
new peptides was used to evaluate serum samples from mice that were i.v. or orally
administered with BoNT/A. Mice were injected with BoNT/A complex (100 pg), and within
one hour after injection we detected a serum activity equivalent to a concentration of
approximately 2879.4 ± 156.83 aM active BoNT/A with the combination of mN and fA
peptides and 4343.0 ± 803.18 aM active BoNT/A with the combination of fN and mA
peptides. Mice injected with 20 pg of BoNT/A had a serum concentrations of 77.04 ± 12.24
aM (mN/fA) and 74.85 ± 14.29 aM (fN/mA), while those injected with 4 pg of BoNT/A
complex had serum concentrations of 12.85 ± 1.96 aM (mN/fA) and 7.15 ± 0.73 (fN/mA)
(Figure 4A and Table S-2 in the Supporting Information). A time course analysis of mice
injected with 100 pg of BoNT/A1 complex showed serum concentrations of 4.34 ± 0.80 fM
(mN/fA) and 2.88 ± 0.16 fM (fN/mA) one hour after injection. There was no detectable
BoNT/A at time points greater than three hours (Figure 4B), indicating that BoNT/A is
rapidly removed from the circulation.

Bagramyan et al. Page 7

Anal Chem. Author manuscript; available in PMC 2014 June 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For orally administered BoNT, a substantial amount of time was required for the toxin to
reach the blood stream. In mice administered 4 µg BoNT/A1 complex, toxin blood levels
rose slowly and first became detectable 5 h after administration. BoNT was present at serum
equivalent concentrations of 165.14 ± 68.15 aM (mN/fA) and 234.94 ± 38.12 aM (fN/mA)
(Figure 4C and Table S-3 in the Supporting Information). BoNT concentrations peaked 7 h
after administration at 647. 27 ± 172.69 aM (mN/fA) and 723.06 ± 196.81 aM (fN/mA).
Mice died at around 7 h after intoxication and the experiment was therefore not long enough
to observe eventual absorption and clearance of the toxin from the blood. Thus, we
performed another pharmacokinetic study of orally administered BoNT/A to follow the
progression of active toxin in the bloodstream. For this study, we used as little as 1 µg of
BoNT/A and observed mice for 48 h. BoNT/A again became detectable in the blood 5 h
after gavage and peaked 7 h after gavage at serum equivalent concentrations of 72.42 (mN/
fA) and 74.69 aM (fN/mA) (Figure 4D and Table S-4 in the Supporting Information).
Detection of BoNT/A activity by ALISSA at 24 h after intoxication showed a decreased
level of toxin in blood serum because of its clearance from the circulation.

The resulting decrease in BoNT/A serum concentration followed a biphasic pattern. The
phase one t1/2α value of the BoNT/A1 complex, representing the distribution from the
circulation to the neurons, was approximately 46 ± 12 min. For phase two, the elimination
phase and clearance of the toxin from the blood circulation, we determined t1/2β to be
approximately 458 ± 57 min. The t1/2α and t1/2β obtained in this study were consistent
with pharmacokinetic constants previously determined in mice or rats through the use of
catalytically inactive or radiolabeled BoNT/A and B serotypes,46–48 indicating that the
BoNT/A ALISSA with our novel set of substrates and control peptides produces sound
results, but with much lower doses of active toxin.

DISCUSSION
Blood plasma or serum is among the most convenient and commonly used diagnostic
matrices, but botulinum toxin may be present only transiently or at low levels in such
samples. Several high affinity BoNT/A synthetic and recombinant substrates have been
reported for BoNT enzymatic activity assays.26–29 However, non-specific cleavage of
substrates by serum proteases may significantly decrease the sensitivity methods that use
conventional peptide substrates to measure the proteolytic activity of BoNT in blood
samples. Although the specificity of the assays can be increased by using antibody-capture
of toxin from complex biological mixtures, prior to assessing toxin activity,26,30,49

nonspecific binding of protease sample contaminants to the antibodies can lead to false
positive results. Pre-incubation of the specimen with non-metalloprotease inhibitors can
enhance the assay’s specificity,28 but its sensitivity may suffer. For example,
phenylmethylsulfonyl fluoride, a serine protease inhibitor, can react with serine proteases
and also with aspartic and metalloproteases, and causes non-specific inhibition of the
metalloprotease activity of BoNT.50 Although the accuracy of the assay for the analysis of
complex matrices that have interfering concentrations of nonspecific proteases was
significantly improved by including a stringent high salt washing during toxin
purification,24,51 this method is limited because it substantially decreases the assay
sensitivity by also washing away less tightly bound toxin.

Our modified ALISSA is able to overcome these problems. BoNT/A-cleavable peptides
contain a non-oxidizable Nle residue instead of an oxidizable methionine residue within the
peptide sequence. Control peptides were constructed by replacing the Nle with its isomer, ε-
Ahx. These peptides can be used in in vitro assays that measure the proteolytic activity of
BoNT. The Nle and ε-Ahx residues appear to take the function of a “cleavage controller
residue” (Figure 1A). The M202 residue that these amino acids replace in SNAP-25 was
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reported to establish substrate/enzyme contact by packing into the β exosite of LC-A.52

Therein, M202, and presumably the Nle residue of a BoNT-cleavable peptide, lies in a
hydrophobic cavity formed by two loops of LC-A1, referred to as the “250” and “370
loops”.52 The ε-Ahx residue lacks a side chain, and extends the peptide’s backbone structure
linearly, which presumably causes steric hindrance with the 250 loop, preventing the
substrate from entering the catalytic site.

LC-A4, differing from A1 by 11% in amino acid sequence, did not cleave any of the
substrate peptides tested here. BoNT/A4 was previously reported as cleaving peptide
substrates inefficiently,53 potentially because of steric hindrance with the DABCYL
quencher at the P4’ (K201) residue of the substrate, which may block interaction with LC-
A’s S4’ binding pocket within the toxin’s active site.54 All other BoNT/A subtypes,
including LC-A1, A2, A3 and A5, successfully cleave the same peptides, so this effect
seems to be specific for A4. It was suggested that the mutation of R264 in LC-A1 to I264 in
LC-A4 could destabilize the coordination activity of E262 in relation to the zinc atom in the
active site,53 potentially weakening LC-A4’s catalytic activity.

The toxico-pharmacokinetics of BoNT has been largely understudied because of a lack of
sufficiently sensitive methods to detect and quantify active toxin in blood. Previous research
seeking a window of opportunity for effective treatment of botulism with neutralizing
antitoxins found that the window of opportunity and the fractional redistribution of toxin
vary as a function of dose in systemic intoxication rodent models of botulism.46–48

However, in those studies the ability to provide therapeutic protection with a set of
antibodies against BoNT/A was tested based on the amount of catalytically inactive BoNT/
A in the serum of mouse or rat systemic and mouse oral intoxication models.46–47 In
addition, because of technical limitations and the lack of sensitive methods, relatively large
amounts of holo toxin were used for both the systemic and oral intoxication mouse models
for real-time quantification of toxin levels over time.

We used biologically active BoNT/A1 complex to intoxicate mice since its toxicity after oral
uptake is much higher than that of holotoxin.55 This oral model mimics human food-borne
botulism, a common form of this illness. Lowering the oral doses of BoNT/A1 complex
from 4 to 1 µg allowed the observation of BoNT activity in the serum over 48 h. The BoNT
activity reached a maximum at 7 h (Figure 4C and D, and Tables S-3 and S-4 in the
Supporting Information). Analysis of the biologic half-lives of active BoNT/A in the
bloodstream indicated that BoNT/A administered orally declined biexponentially. Active
toxin had a very short ~45 min distribution time during the early intoxication phase of t1/2α,
and an extended t1/2β clearance time of about 7.6 h. Together, these results confirmed the
utility of our approach to assess the pharmacokinetics of biologically active BoNT/A.

The combination of BoNT-cleavable fluorogenic peptide substrates and BoNT-non-
cleavable controls allowed us to quantitatively distinguish between BoNT and non-BoNT-
related protease activities and to directly quantify toxin levels in the serum of mouse models
of botulism. We were able to measure an atto- to femtomolar final concentration of toxin in
blood one hour after mice were injected with 4 pg of BoNT/A complex. The toxin could not
be detected 3 hours post-intoxication. Our data confirm that selective accumulation of the
BoNT toxin does not occur over time in formed blood elements (cells and fragments);
instead the toxin is rapidly removed from the circulation, most likely due to neural
absorption.47

The absorption and distribution of BoNT toxin after oral intoxication is greatly affected by
digestion of the toxin by gastric enzymes,56 and detection of the toxin in blood is
challenging. Nevertheless, use of the modified ALISSA with BoNT/A-cleavable and control
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peptides to measure the toxin’s pharmacokinetics in mouse serum identified attomolar
concentrations of BoNT/A. To date, few animal studies have measured the
pharmacokinetics, physiological distribution and stability of BoNT toxins.46–48,55 To our
knowledge, the study presented here is the only study of active botulinum neurotoxin
pharmacokinetics in an oral model of botulism. Mice treated orally with the low dose of 1 µg
of BoNT/A1 complex allowed the robust detection of toxin after more than 24 h by the
ALISSA.

CONCLUSIONS
Our study demonstrates the advantages of using a combination of well-defined BoNT/A-
cleavable fluorogenic peptides and controls, which should greatly reduce, or even eliminate,
false positive results due to protease contaminants. When integrated into the ALISSA, this
system proved to be useful for the pharmacokinetic study of BoNT in mouse models of
botulism. It could potentially be used for future pharmacological, toxicological, and
diagnostic assessment of BoNT in humans with botulism or in patients who receive BoNT-
based medical treatments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Naming scheme and proteolytic behavior of fluorogenic peptides and recombinant SNAP-25
protein. (A) All combinations of 5-Fam (f) or 4-MU (m) fluorophores (R1) bound to the N-
terminal amino acid of the indicated peptide sequence were tested with various C-terminal
residues (R2) that control cleavability by BoNT/A (i.e., no residue (0), norleucine (N), or 6-
aminohexanoic acid (A)). For example, “fN” is a BoNT/A-cleavable peptide substrate,
flanked by 5-Fam and norleucine, while “mA” is a BoNT/A-non-cleavable peptide control
containing 4-MU and 6-aminohexanoic acid. K[DABCYL], lysine residue with DABCYL
quencher at the ε-amino group. (B) Fluorescence signal of the peptides (5 µM) after 2 h
treatment with BoNT/A1 complex or trypsin (10 nM each). Commercial SNAPtide was used
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as a control. (C) Enzymatic reaction of fluorogenic peptides with BoNT/A subtype LC-A1
to A5. (D) Western blot of recombinant SNAP-25 treated with LCs of BoNT/A subtypes, or
no treatment (none).
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Figure 2.
ALISSA performance of 5-Fam-containing BoNT/A-cleavable substrate (fN) and control
peptide (fA) in the presence or absence of the Zn2+-metalloprotease inhibitor TPEN. Toxin
was immobilized with a BoNT/A toxoid-generated polyclonal rabbit antibody on prA/G
agarose beads.
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Figure 3.
Linear correlation of fluorescent responses produced by 4-MU- and 5-Fam-conjugated
BoNT/A-cleavable and control peptides, hydrolyzed by trypsin, thermolysin, or proteinase
K. Equimolar mixtures of peptides (5 µM), mN and fA (upper panel), or fN and mA (lower
panel), were used.
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Figure 4.
BoNT/A ALISSA quantification of BoNT/A in mouse serum measured with 5A20.4
antibody on CNBr-activated sepharose beads. (A) BoNT/A activity in serum from mice
(n=4) that were i.v. injected with 100, 20 or 4 pg/mouse dose of BoNT/A. A blood was
withdrawn 1 h after intoxication. (B) Time course analysis of BoNT/A serum activity in
mice (n=3) that were i.v. injected with 100 pg BoNT/A complex. (C) BoNT/A serum
concentration measured over time in mice (n=3) that were orally administered 4 µg or (D) 1
µg of BoNT/A complex. Pre-injection serum (t = 0h) was used for background subtraction.
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