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A FRET peptide substrate was synthesized and evaluated for enzymatic cleavage by the BoNT/B light
chain protease. The FRET substrate was found to be useful in both a high throughput assay to uncover
initial ‘hits’ and a low throughput HPLC assay to determine kinetic parameters and modes of inhibition.
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The botulinum neurotoxins (BoNTs), are one of the deadliest
substances known to man, and are produced by Clostridum
botulinum, a gram-positive soil dwelling bacteria.! This toxic sub-
stance is listed by the Centers for Disease Control as a category A
agent, representing the most deadliest of agents that could pose
a serious threat to humanity. The neurotoxin, composed of both
a heavy (100 kDa) and light (50 kDa) chain is the etiological agent
accountable for a loss of neurotransmitter release. Specifically, the
light chain which is a metalloprotease is responsible for the enzy-
matic damage of the SNARE protein complex.? Thus, cleavage of
the SNARE protein causes termination of neurotransmission result-
ing in flaccid paralysis and in severe cases death. There are seven
different serotypes of the neurotoxin, (A-G), produced by different
strains of the C. botulinum.? Each serotype is sequence specific for
one of the SNARE proteins; and each serotype has a different level
of toxicity. Of the seven serotypes BoNT/A, B, and E are the most
common causes of botulism in humans.* The most toxic BoNT is
the A serotype which has a LDsg of 1 ng/kg of body weight in
humans, followed by the B and E serotypes.

The frequency of botulism in the human population is low,
occurring mainly from consuming contaminated food due to im-
proper storage of homemade canned foods. However, due to the
high toxicity of the neurotoxin and ease at which both the bacteria
can be cultured and the neurotoxin isolated, has caused concern
among many that this deadly substance can be used as a biological
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weapon.>® To defend against such an attack research is ongoing for
development of small molecule inhibitors of the light chain prote-
ase. Indeed, progress has been made on the development of small
molecule inhibitors of the BoNT/A light chain,”"® however, there
has been little progress in terms of the development of BoNT/B
protease inhibitors, which is the second most common agent of hu-
man botulism.? To date there have been only two reports of small
molecule inhibitors of the BoNT/B protease'®!! and a scattering of
peptide inhibitors.'>"'® We believe a lack of potent inhibitors of
BoNT/B is due to short comings within current assays of this sero-
type of the neurotoxin. Herein, we report a robust substrate that
allows for both high/low throughput assay and readily determina-
tion of basic enzymatic parameters of the BoNT/B protease.

There are reported enzymatic assays for the light chain of BONT/
B.'6-24 Many of the assays, however, are rather cumbersome and
not readily applicable to determine kinetic parameters and inhibi-
tion modes of potential inhibitors.!®?!2224 Additionally, some of
these assays involve expensive equipment such as capillary elec-
trophoresis,’”2° which reduces the amount of material needed,
but is not readily available to many laboratories conducting inhib-
itor screens. Alternative assays employ fluorophores that are incor-
porated within the peptide substrate so as to monitor the
enzymatic reaction via fluorescence.!®?! Building upon these fluo-
rescence based assays, peptide substrates were synthesized with
internal FRET pairs that allowed BoNT/B light chain enzymatic
evaluation.!5%

To accelerate research efforts for the development of BONT/B pro-
tease inhibitors we designed a substrate that can be incorporated
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into both a high throughput assay, to quickly identify potential
inhibitors and a low throughput assay to obtain accurate kinetic
parameters. The high throughput assay is based on a fluorescence
resonance energy transfer (FRET) substrate. Substrates containing
a FRET pair have been used for a variety of high throughput assays
to identify protease inhibitors. For example, a commercially avail-
able FRET substrate composed of a truncated version of SNAP-25,
the native substrate for the BoNT/A LC is known as SNAPtide™.
However, a drawback with many FRET substrates is the ability to
accurately measure the fluorescence of the fluorophore once the
enzyme has cleaved the substrate. This phenomenon known as
the inner filter effect; has plagued accurate kinetic determination
of inhibition modes.?> Keeping these short comings in mind we de-
signed our FRET-substrate so that it can also be utilized in a HPLC
low throughput assay where the products are separated and quan-
tified to determine accurate kinetic parameters such as Ky, Kcat,
and K;. Hence, a substrate that can be used in a variety of assays
is beneficial in terms of time, cost and reproducibility.

The zinc endopeptidase of the light chain of BONT/B cleaves hu-
man VAMP-2 between GIn76 and Phe77.2° As such our substrate
incorporates the native substrate binding sites of human VAMP-
2. Thus, a 40 amino acid peptide similar to the conserved central
region of human VAMP-2 (residues 55-94) was synthesized. The
40 amino acid sequence was determined to be the smallest peptide
fragment to produce cleavage rates similar to the native substrate
by the BoNT/B protease.?” In addition to the length of the peptide,
the position of the FRET pair is important as this can have a sub-
stantial effect on the binding and catalytic efficiency of the prote-
ase. In order to incorporate the FRET pair without impacting
enzymatic catalysis, two substitutions were made at positions 74
and 77. Position 74 was mutated to a lysine in order to couple 7-
methoxycoumarin-4-acetic acid (MCA) to the amine via an amide
bond. The selection of lysine was made in part to aid in the flexibil-
ity of the MCA to allow free rotation away from the active site and
not affect binding and/or cleavage of the peptide. At position 77 the
native phenylalanine was replaced with the unnatural amino acid
diaminopropionic acid to facilitate coupling of 2,4-dinitrophenyl
(DNP) to the peptide. We did not anticipate the addition of DNP
to this residue adjacent to the cleavage site would have a large ef-
fect on the catalytic efficiency; as mutations made at position 77
with other aromatic residues where shown to not have a major ef-
fect on the catalytic rates of BONT/B protease.?® In addition to the
FRET pair, Thr79 was mutated to a serine. This mutation has been
shown to drastically increase the k., by twofold, without affecting
the K28 In sum the addition of the FRET pair within our substrate
should increase K, and decrease kca, thus, by mutating Thr79 to
Ser79 we hoped to retrieve some of the lost catalysis.
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The synthesis of the substrate was performed using Fmoc
chemistry on tentagel NH, resin involving orthogonal protecting
group strategies to incorporate the FRET pair. The N-terminus
was acylated and the peptide cleaved from the resin by treatment
with 95% TFA and purified by prep HPLC to give 1 (Fig. 1) as an or-
ange solid (7.8% overall yield). To determine if our FRET peptide
was cleaved by the BoNT/B light chain protease the substrate
(50 uM) was incubated with the light chain (50 nM) in 40 mM
HEPES buffer pH 7.4 for 15 min at room temperature. The mixture
was separated by analytical HPLC, monitoring at 280 nm provided
three peaks representing the two products and the parent sub-
strate (Supplementary data). To further quantify the Kkinetic
parameters of this new substrate we synthesized the C-terminus
product containing DNP to obtain a calibration curve and to deter-
mine the lower limit of detection (Fig. 2). The lower limit for the
DNP product was determined to be 36 pmol by analytical HPLC.
Resolving the products by HPLC combined with the low level of
detection, we could efficiently determine kinetic parameters of
the BoNT/B light chain with our substrate. Using this assay we
determined the K, of our substrate to be 70.9 £ 17 uM with a kcat
of 3.81s°!, compared to the values of the native substrate of
1.6 uM and 1.0 s™! for the Ky, and k., respectively.?®

With our low throughput HPLC assay in place and suitable ki-
netic values for our substrate we focused upon the high through-
put assay with 1. Here, the assay is dependent on cleavage of 1 to
produce an increase in fluorescence that can be measured by a
fluorescence plate reader. Upon addition of BoNT/B LC to a solu-
tion of 1 in HEPES buffer we observed an increase in the fluores-
cence signal over time at excitation and emission wavelengths of
325 and 400 nm, respectively. Measuring the initial rates of reac-
tion at various enzyme concentrations gave a linear response
(Fig. 3).

Importantly, rates can be effectively measured on a fluores-
cence plate reader at enzyme concentrations as low as 2 nM. We
also determined the lower limit of detection for the MCA product
to be 15 nM (Fig. 4.). The ability to measure low concentrations
of the MCA product means less time needed to monitor the enzy-
matic reaction, which in turn increases the number of compounds
that can be screened.

In summary we report the synthesis of 1 in conjunction with
two assays that will be useful in the search for inhibitors of the
BoNT/B light chain. The usefulness of 1 is that it is amenable to
both a high throughput assay to uncover potential inhibitors and
a low throughput assay to determine accurate kinetic parameters
and inhibition modes. With these two assays we envision the rapid
screening of chemical libraries to uncover inhibitors of the BONT/B
light chain protease. Inhibitors uncovered from these screens will
be published in due course.
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Figure 1. Synthetic FRET substrate for the BoNT/B light chain protease.



5850 N. T. Salzameda et al./Bioorg. Med. Chem. Lett. 19 (2009) 5848-5850

1e6 T

8e5 —

6e5 — —

4eb - —

Peak Area

2e5 — —

| 1 | 1
200 400 600

C-terminus DNP Product (pmole)

0O
0

Figure 2. Calibration curve for the C-terminus DNP product of 1 as determined by
analytic HPLC; monitoring was accomplished at 280 nm.
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Figure 3. Initial velocities of the BoNT/B LC enzymatic reaction versus concentra-
tion of the enzyme, as measured on a fluorescence plate reader.
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Figure 4. Normalized RFU of the N-terminus MCA product at various concentra-
tions, as measured by a fluorescence plate reader.
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