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a b s t r a c t

The DARET (depolarization after resonance energy transfer) assay is a coupled Förster resonance energy
transfer (FRET)–fluorescence polarization assay for botulinum neurotoxin type A or E (BoNT/A or BoNT/E)
proteolytic activity that relies on a fully recombinant substrate. The substrate consists of blue fluorescent
protein (BFP) and green fluorescent protein (GFP) flanking SNAP-25 (synaptosome-associated protein of
25 kDa) residues 134–206. In this assay, the substrate is excited with polarized light at 387 nm, which
primarily excites the BFP, whereas emission from the GFP is monitored at 509 nm. Energy transfer from
the BFP to the GFP in the intact substrate results in a substantial depolarization of the GFP emission. The
energy transfer is eliminated when the fluorescent domains separate on cleavage by the endopeptidase,
and emission from the directly excited GFP product fragment is then highly polarized, resulting in an
overall increase in polarization. This increase in polarization can be monitored to assay the proteolytic
activity of BoNT/A and BoNT/E in real time. It allows determination of the turnover rate of the substrate
and the kinetic constants (Vmax and kcat) based on the concentration of cleaved substrate determined
directly from the measurements using the additivity properties of polarization. The assay is amenable
to high-throughput applications.

� 2011 Elsevier Inc. All rights reserved.
The catalytic light chain domains of the botulinum neurotoxins
(BoNTs)1 are zinc-dependent metalloproteases that cleave proteins
involved in the SNARE (soluble N-ethylmaleimide-sensitive fusion
attachment protein receptor) complex (for recent reviews, see Refs.
[1–6]). BoNT serotypes A and E each cleave a specific peptide bond
[7–9] in the SNARE protein SNAP-25 (synaptosome-associated pro-
tein of 25 kDa [10]), preventing neurotransmitter release at the neu-
romuscular junction and leading to paralysis. SNAP-25 is also one of
two substrates of BoNT/C1 [11]. Unlike other zinc proteases, the
BoNTs require an extended recognition sequence for cleavage as well
as more remote exosites for optimal binding and cleavage rates
[9,12–19]. We have developed an in vitro assay for quantifying BoNT
ll rights reserved.
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protease activity that permits inclusion of such an extended sub-
strate sequence. Named the DARET (depolarization after resonance
energy transfer) assay, this real-time assay is sensitive, simple to
assemble, and amenable to high-throughput applications. What
makes the assay unique is the application of resonance energy trans-
fer to alter the polarization of the substrate’s fluorescence [20,21].
All of the related assays we are aware of rely either on intensity-
based Förster resonance energy transfer (FRET) measurements or
on fluorescence polarization (FP) measurements, whereas the DARET
assay relies on a combination of the two phenomena. Although the
principles underlying both FP and FRET are well understood, this ap-
pears to be the first instance in which the two have been combined
to create a new type of assay. The details of the photophysics under-
lying the DARET assay are delineated in an accompanying article
[22].

FRET involves the nonradiative transfer of energy from a donor
to an acceptor molecule following excitation of the donor molecule
by incident radiation [20,21,23,24]. The acceptor molecule is raised
to an excited state by the energy transfer and then fluoresces at a
longer wavelength, returning to its ground state. The efficiency
with which this transfer takes place is strongly dependent on sev-
eral factors, including the spatial separation and relative orienta-
tion of the fluorophores and their spectral overlap. Changes in
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Fig.1. (A) DARET assay scheme. The BFP domain of the DARET assay substrate is excited with polarized light at 387 nm. In the intact substrate, the BFP and GFP domains are in
close proximity and the GFP is excited by resonance energy transfer from the BFP. The orientation of the GFP relative to the BFP is such that the light emitted by the GFP
(509 nm) following the energy transfer is depolarized (black circles in Fig. 2). The energy transfer is abolished after the SNAP-25 segment is cleaved by BoNT endopeptidase
and the two fluorescent domains move apart. However, a small amount of direct excitation of the GFP still occurs (at 387 nm), and in this case the emitted light is highly
polarized. As more of the substrate molecules are cleaved during the course of an assay, the polarization of the emitted light increases (see Fig. 2). (B) DARET substrate GFP–
SNAP25–BFP. The DARET substrate (represented here with the N terminal to the left) is a fully recombinant fusion protein that contains cleavage sites for BoNT/A, BoNT/C1,
and BoNT/E; type C1 also cleaves the SNARE protein syntaxin as its primary target.
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any or all of these properties result in a change in the measured
FRET efficiency. Because the transfer is highly distance dependent,
changes in the fluorescence of the donor and acceptor molecules
are used in FRET assays to detect changes in their proximity, often
brought about by, for example, enzymatic activity. Similarly,
changes in these properties can alter the FP. FP is a technique that
involves the detection of changes in the polarization of emitted
light that can arise from differences in the effective molar volume
of reactants and products. Changes in the orientation of a fluores-
cent molecule (or, more properly, of its dipole moment) between
the time it is excited by polarized light and the time it emits light
in returning to its ground state lead to depolarization of the emit-
ted light. An increase in the motion of the molecule leads to greater
depolarization, whereas a decrease leaves the emitted light more
highly polarized. In a standard FP assay, a single small fluorescent
molecule becomes attached to or detached from a partner of much
greater size, and the polarization of the emitted light increases or
decreases correspondingly (see Ref. [25] for a recent review of FP
and FP-based assays).

As stated above, the DARET assay combines aspects of both
FRET and FP (Fig. 1A). It relies on a recombinant substrate consist-
ing of SNAP-25 residues 134–206 flanked by a green fluorescent
protein (GFP) at the N terminus and a blue fluorescent protein
(BFP) at the C terminus [26–29]. The photophysical characteristics
of the DARET substrate, referred to as GS25B (GFP–SNAP25(134–
206)–BFP), are described in the accompanying article [22]. Despite
the long intervening SNAP-25 segment, the fluorescent protein do-
mains in the intact substrate are in close spacial proximity, allow-
ing efficient resonance energy transfer. The substrate can,
therefore, be used in a standard FRET assay with BFP as the donor
and GFP as the acceptor fluorophore. Similar substrates have been
reported for FRET assays of BoNT activity both in vitro and in situ
[30]. We have not applied the substrate in an FP assay because the
change in polarization on proteolysis by BoNT does not provide the
dynamic range required for our research [22]. However, with this
substrate, we can take advantage of the energy transfer between
donor and acceptor that also leads to depolarization of the light
emitted by the acceptor molecule. In the DARET assay, the BFP do-
main of the substrate is excited with polarized light at 387 nm, and
the polarization of the light subsequently emitted by the GFP do-
main at 509 nm is measured. In the intact substrate, the emitted
light has a very low (near zero) polarization value. On cleavage
by BoNT, the energy transfer is abolished, yet there remains some
direct excitation of the GFP product fragment, and the emission
from this directly excited GFP is highly polarized. In assay reactions
where essentially all of the substrate is cleaved, the change in
polarization is approximately 335 mP units.
Materials and methods

Materials

Native BoNT/A dichain was purchased from Metabiologics. Plas-
mids pQBI T7–BFP and pQBI T7–GFP were purchased from QBio-
gene. UNO Q6 columns were obtained from Bio-Rad. Bacterial
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lysis reagents and metal affinity chromatography resins were pur-
chased from Promega and EMD Chemicals. Tween 20 containing
butylhydroxytoluene (BHT) as an antioxidant was purchased from
Sigma–Aldrich. All other chemicals were molecular biology grade
or the highest purity available.

Substrate coding plasmid

Plasmid pQBI GPF–SNAP25–BFP encodes SNAP-25 residues
134–206, with short linkers at each end, flanked by the GFP and
BFP domains. A polyhistidine tag is encoded following the BFP re-
gion. The coding DNA and amino acid sequences are included in
the supplementary material. The pQBI T7–GFP vector was first
modified to include the SNAP-25 segment and a C-terminal poly-
histidine tag. The BFP coding region (minus the initiator methio-
nine) was then amplified from the pQBI T7–BFP plasmid and
subcloned into the vector between the SNAP-25 segment and the
polyhistidine tag.

Protein expression

Freezer stocks of Escherichia coli BL21(DE3) cells containing the
pQBI GFP–SNAP25–BFP plasmid were used to inoculate 1-ml star-
ter cultures in PA 0.5G (100 lg/ml ampicillin) medium [31]. The
starter cultures were incubated overnight with shaking at 37 �C.
These cultures were in turn used at 1000� dilution to inoculate lar-
ger expression cultures in prewarmed ZYP-5052 (100 lg/ml ampi-
cillin) autoinduction medium [31]. The ZYP-5052 cultures were
grown at 37 �C and 250 rpm for 4 h following inoculation, at which
time the temperature was reduced and the cultures were incu-
bated for 18–19 h at 18 �C and 250 rpm. The protein must be ex-
pressed below 30 �C for the fluorophores to form properly [32].
Cells from expression cultures were collected by centrifugation
(15 min, 6000 RCF, 4 �C) and stored at �80 �C.

Protein purification

All steps were undertaken at 4 �C or on ice except for the cell ly-
sis. Cell paste from a 500-ml expression culture was defrosted on
ice and resuspended in 30 ml of room temperature 2� lysis buffer
(2� FastBreak cell lysis reagent containing 50 U/ml Benzonase
nuclease, 2 kU/ml rLysozme, and 2� Protease Inhibitor Cocktail
III). After the cells were resuspended, the final volume was brought
to 60 ml with distilled water (dH2O) and the solution was incu-
bated for 30 min at room temperature with gentle rocking. The ly-
sate solution was then clarified by centrifugation for 15 min at
27,000 RCF and 4 �C.

The clarified lysate was applied to a 25-ml metal affinity resin
column (either Co2+ or Ni2+) at a flow rate of approximately
0.75–1.0 ml/min. The column was washed with 6 column volumes
of wash buffer (25 mM Hepes [pH 7.5], 500 mM NaCl, and 10 mM
imidazole), and the protein was eluted with 2 column volumes of
elution buffer (25 mM Hepes [pH 7.5], 500 mM NaCl, and
500 mM imidazole). The green elution fractions were combined
and then concentrated and exchanged into anion exchange buffer
A (25 mM Tris–HCl, pH 7.4) in centrifugal concentrators.

An additional anion exchange purification step was accom-
plished on a UNO Q6 column (Bio-Rad) with buffers that were pre-
chilled and kept on ice throughout the chromatographic procedure.
Two chromatographic runs were required; in each, one half of the
concentrated sample was applied to the column at a flow rate of
2 ml/min in anion exchange buffer A (50 mM Tris–HCl, pH 7.4).
Bound proteins were eluted at a flow rate of 5 ml/min by NaCl gra-
dient in anion exchange buffer B (50 mM Tris–HCl [pH 7.4] and 1 M
NaCl) as follows: 7% buffer B for 30 ml, 7–15% buffer B over 100 ml,
and 100% buffer B for 12 ml at 5 ml/min. Elution of material from
the column was detected by a Bio-Rad QuadTec UV–Vis (ultravio-
let–visible) detector at 280 nm, with target protein eluting during
the gradient in a broad peak centered at an apparent concentration
of 100 mM NaCl. Fractions containing the target protein were com-
bined and then concentrated in Amicon Ultra centrifugal filter de-
vices (50,000 MWCO [molecular weight cutoff], Millipore) and
desalted using the same Amicon Ultra centrifugal filter devices or
by fast protein liquid chromatography (FPLC) (Bio-Rad Biologic
DuoLogic QuadTec UV–Vis detector) with a HiPrep 26/10 size
exclusion column (Pharmacia) and an isocratic mobile phase of
chilled desalting buffer (25 mM Hepes, pH 7.2, 4 �C) at a flow rate
of 10 ml/min.

Liquid chromatography–mass spectrometry analysis

The instrument employed for mass spectrometry (MS) analysis
was a Waters–Micromass qTOF (quadrupole time-of-flight) Pre-
mier instrument. Proteins were separated prior to MS analysis
using a Waters Acquity UPLC (ultra-performance liquid chroma-
tography) system. The separations were performed on a Waters
C4 300-Å BEH column operating at 55 �C with a 20-min linear gra-
dient from 0.1% aqueous formic acid (FA) to 0.1% FA in acetonitrile
(MeCN). In all cases, the samples were injected at approximately
1–10 pmol of protein on the column without any prior cleanup
processes.

General procedure for DARET assays

Native BoNT/A or recombinant type A light chain (rLC/A) was
diluted to twice the desired reaction concentration range with
2� reaction buffer (100 mM Hepes [pH 7.2], 0.2% [v/v] Tween 20,
and 4 mM tris(2-carboxyethyl)phosphine [TCEP], with or without
20 lM ZnCl2). The diluted samples were added in 20-ll aliquots
to wells in a 96-well HE microplate (Molecular Devices), and these
reactions were run in triplicate. Each sample was preincubated in
2� reaction buffer at 37 �C for 20–30 min. Prior to initiation of
the reactions, the GS25B substrate was diluted with sterile doubly
distilled water (ddH2O) to 1.3 lM and warmed to 37 �C. Reactions
were initiated by the addition of 20 ll substrate to each well con-
taining endopeptidase. The final concentration of substrate was
0.65 lM unless otherwise indicated. The reaction plates were incu-
bated at 37 �C in a SpectraMax M5 spectrophotometer (Molecular
Devices). The polarization of the samples was measured beginning
at 5 min following initiation of the reactions and then at 5-min
intervals throughout the reaction period (kex = 387 nm,
kem = 509 nm, 495-nm cutoff filter, photomultiplier tube [PMT] at
575 V, 11 reads/well). To excite below 400 nm on this spectropho-
tometer, the program controls must be overridden because the
transmission of the polarizing filter decreases sharply at shorter
wavelengths. As discussed in the accompanying article [22], if a
general-purpose spectrofluorimeter is being used (as opposed to
a microplate reader that does not always have the same flexibility)
to maximize the change in FP on proteolysis, as well as sensitivity
due to light absorption, the substrate should be excited near
375 nm and emission greater than 510 nm should be collected.

Enzyme kinetics of rLC/A and 150-kDa native BoNT/A with the GS25B
substrate

Kinetic parameters were determined using a series of concen-
trations of GS25B (0.15, 0.3, 0.6, 0.8, 1, 1.5, 2.5, 5, and 10 lM for
rLC/A; 0.15, 0.3, 0.6, 0.8, 1, 1.5, and 3.5 lM for 150-kDa native
BoNT/A) titrated with either rLC/A (5 nM) or reduced BoNT/A
(1 nM) at 37 �C. The polarization measurements were conducted
on an ISS PC1 spectrofluorimeter exciting at 375 nm and collecting
emission at wavelengths greater than 525 nm through a 537-nm



Table 1
MS analysis of GS25B.

Identity Expected mass
(Da)

Observed mass
(Da)

D Massa

(Da)

Intact GS25B 63,824 63,823 1
N-terminal LC/A cleavage

fragment
34,884 34,884 0

C-terminal LC/A cleavage
fragment

28,958 28,958 0

a Following protein expression, the GFP and BFP domains become chemically
modified and photochemically active in a maturation process. The expected mass
was calculated based on the photochemically mature protein.
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longpass filter (Corning, product no. 3484). The concentration of
cleaved substrate was calculated using the additivity of polariza-
tion, incorporating the correction for the change of intensity on
proteolysis [33]:

1
Pobs
� 1

3

� ��1

¼
X

fi
1
Pi
� 1

3

� ��1

; ð1Þ

where Pobs is the observed polarization and fi and Pi are the frac-
tional intensity of the emission and polarization of the ith compo-
nent, respectively. The emission detected is proportional to the
concentration of the ith species via the relation fi = FiCi/I, where Fi

is fluorescence intensity per unit concentration Ci and the total fluo-
rescence intensity I =

P
FiCi. The values of Fi for the intact and

cleaved substrate are determined from the total fluorescence inten-
sity (Iparallel + 2Iperpendicular) prior to the addition of the protease and
on 100% proteolysis of the substrate, respectively. To calculate the
fraction of cleaved substrate, one must take into account the change
in intensity on proteolysis (i.e., the cleaved substrate is approxi-
mately one-fifth as bright as the intact substrate). The fraction
cleaved (fc), in terms of the polarization of the intact (Pint), cleaved
(Pc) and observed (Pobs) and the enhancement (g) of the intensity on
cleavage (g = Fcleaved/Fintact), is given by Eq. (2) [25]:

fc ¼
ðPint � PobsÞð3� PcÞ

gðPobsÞð3� PintÞ þ ðPint � PobsÞð3� PcÞ
: ð2Þ

The initial linear change in fraction cleaved (10–25%) was fit to
obtain rate constants at each substrate concentration. Multiplica-
tion of these rate constants with the initial (t = 0 s) substrate con-
centration converts the units of these rates to concentration of
product formation over time (lM s�1). KM and kcat were deter-
mined from simple Michaelis–Menten kinetics using custom
scripts written in MATLAB.

Results and discussion

Substrates for assays of BoNT/A and BoNT/E proteolytic activity
require an extended recognition sequence to achieve the best bind-
ing characteristics. Short peptides, although easy to produce syn-
thetically, have poor KM values [12,14,16–19]. SNAP-25, the
natural target of these BoNTs, contains 206 amino acids [10]. Selec-
tion of the 73 C-terminal residues (134–206) for inclusion in the
DARET substrate (GS25B) (Fig. 1B) was made based on the bio-
chemical information available at the time regarding BoNT/A sub-
strate requirements as well as SNAP-25 structural characteristics.
This fragment includes a SNARE recognition motif [15] and is with-
in the region that forms the C-terminal a-helix of SNAP-25 in the
SNARE complex [34]. The BoNT/A, BoNT/C1, and BoNT/E cleavage
sites within the SNAP-25 sequence are Gln197/Arg198 for type A
[8,9,35], Arg198/Ala199 for type C1 [11,18], and Arg180/Ile181
for type E [7].

Although the GS25B substrate can be employed in a FRET inten-
sity ratio assay (similar to Dong et al. [30]), there are advantages to
combining resonance energy transfer with FP. By relying on energy
transfer to depolarize the emissions in an intact substrate, the rel-
ative size and lifetime of the acceptor fluorophore, or of the mole-
cule to which it is attached, becomes less important. In addition,
measuring the fluorescence only from the acceptor molecule re-
duces the background noise when working in complex biological
matrices that autofluoresce. Molecules excited at the donor fluoro-
phore’s excitation wavelength are unlikely to fluoresce at the emis-
sion maximum of the acceptor fluorophore. These unique features
of the DARET assay have allowed us to exploit a fully recombinant
substrate in which the change in effective molar volume on prote-
olysis is not great enough to be generally useful in a standard FP
assay. Furthermore, we are able to measure BoNT proteolytic activ-
ity in crude cell lysates with low levels of background interference.
Although the DARET assay substrate was designed for cell-free
work, a DARET-type assay could be applied in cells. If autofluores-
cence is a problem, a red-shifted pair of fluorescent proteins should
reduce such interference. Another option is to employ a homo-
FRET pair, an alternative we are currently testing.
Substrate and enzymatic fragment analysis by LC–MS

The GS25B substrate was analyzed by LC–MS to confirm its
identity in terms of its expected mass. In addition, the proteolytic
fragments produced on cleavage by rLC/A were analyzed to iden-
tify the fragments generated and verify the predicted cleavage site
by the fragment masses. The intact GS25B protein provided an ob-
served mass that was within 1 Da of that calculated from its se-
quence (Table 1), a calculation that includes chemical
modifications that are part of the chromophore formation process
[27,36,37]. Following proteolysis by rLC/A, formation of two pro-
tein fragments was observed along with the disappearance of the
starting material. Analysis of the fragments confirmed that the
substrate was cleaved at the SNAP-25 Gln197/Arg198 site, with
fragment masses identical to those predicted from the sequence
(Table 1).
DARET assays of native BoNT/A and analyte screening

BoNTs are approximately 150-kDa proteins composed of three
domains: a zinc-dependent metalloprotease at the N terminus fol-
lowed by translocation and binding domains. Type A is purified
from Clostridia as a dichain molecule, where the catalytic domain
constitutes the 50-kDa light chain endopeptidase and the remain-
der of the molecule comprises the heavy chain. The chains are
linked by a disulfide bond and extensive noncovalent interactions,
including a belt region from the heavy chain that wraps around the
light chain, occluding the active site [38] as well as other sites
important for substrate recognition [13]. The disulfide bond must
be reduced so that the belt can move and allow access to the active
site before proteolytic activity can be assayed in vitro. To that end,
BoNT/A was preincubated in reducing buffer prior to initiation of
the DARET assays. The standard assay conditions were selected
to allow acquisition of activity data for native BoNT/A over a con-
centration range from 6 to 800 pM in a 1-h assay. The GS25B sub-
strate was included at a final concentration of 0.65 lM in a total
reaction volume of 40 ll and the reactions were incubated at
37 �C, with FP measurements taken at 5-min intervals. Typical pro-
gress curves from an assay are shown in Fig. 2. The assay condi-
tions can be modified to suit other research needs, for example,
to facilitate overnight incubation of reactions.

Although data are collected over the entire time course of the
reactions, the full progress curves for each set of reactions are
not typically plotted. Instead, the assay results are graphed for data
collected at a set time point for each concentration in the range of



Fig.2. DARET assay progress curves. Typical DARET assay progress curves for the positive control, 150-kDa native BoNT/A, are shown. The full progress curves are not graphed
for routine screening assays. Instead, data from the 30-min time points (red box) are graphed for analysis (see Fig. 3). mP, Millipolarization units.
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endopeptidase concentrations assayed, allowing calculation of
EC50 values for the analytes being tested (Fig. 3). This approach is
quick and simple for screening the light chain activity of BoNT/A
and BoNT/E and allows the option of analyzing the complete data
in greater detail when necessary.

Z0-factor evaluation of the DARET assay yields a Z0-factor [39] of
0.869, which is indicative of a high-quality assay. For this assess-
ment, the positive and negative control data from the assay, in this
case the native BoNT/A reactions and the substrate-only reactions
to which no endopeptidase was added, were analyzed to ensure
that the results were reproducible and that the signal variation
was acceptable (see Supplementary material). The positive control
value was the polarization measured at the 30-min time point for
the reactions containing the highest concentration of native BoNT/
Fig.3. DARET assay of rLC/A. DARET assay of rLC/A over a concentration range of
0.036–4.6 nM relative to native BoNT/A over a concentration range of 0.00625–
0.8 nM is shown. These reactions included GS25B substrate at a concentration of
0.5 lM and were incubated at 37 �C for 65 min. The polarization of the samples was
measured beginning at 5 min following initiation of the reactions and then at 5-min
intervals throughout the reaction period (kex = 387 nm, kem = 509 nm, 495-nm
cutoff filter, PMT at 575 V, 11 reads/well). The data from the 30-min time point are
graphed. The ratio of the analyte EC50 to the native BoNT/A EC50 indicates that the
catalytic efficiency of the analyte is 6-fold less than that of the native control. mP,
Millipolarization units.
A (800 pM). The negative control value was the polarization mea-
sured at the 30-min time point for the substrate-only solutions.
An inactive recombinant BoNT/A did not alter the polarization
(data not shown), demonstrating that binding did not alter the
substrate’s fluorescence properties.

Graphing the data collected at a set time point and calculating
EC50 values for analytes and the native BoNT/A control assayed in
each 96-well plate provides a comparative LC/A activity value for
each analyte by reporting the ratio of the analyte EC50 to the native
BoNT/A EC50. The DARET results are graphed with SigmaPlot soft-
ware, and the curves are fit with a four-parameter logistic equa-
tion. The example shown in Fig. 3 is an assay of rLC/A containing
N-terminal purification tags [40] that has an EC50 of 0.328 nM com-
pared with 0.052 nM for native BoNT/A, yielding an EC50 ratio of
6.3. Kinetic analysis of this rLC/A molecule confirmed the 6-fold
reduction in catalytic efficiency compared with native BoNT/A
(see below).
Enzyme kinetics of native BoNT/A and rLC/A

The in vitro assays that have been reported for quantifying
BoNT protease activity or screening potential inhibitors of that
activity include various immuno-based [41–43], high-performance
liquid chromatography (HPLC)/UPLC-based [16,17,44–47], LC–MS-
based [48], surface plasmon resonance (SPR)-based [49,50], and
capillary electrophoresis-based [51–53] assays, FRET and fluores-
cence quench relief assays [30,44,54–56], and assays based on fluo-
rescence release from immobilized substrates [57,58]. Lebeda and
coworkers [2], in a review of BoNT kinetic studies, noted the large
variation in KM and kcat values reported for BoNT/A and that larger
kcat/KM values were determined from assays where the substrate
was full-length SNAP-25 or contained a SNAP-25 fragment at least
61 residues long. The kcat/KM values determined with a 17-mer
fragment of SNAP-25 as the substrate were in the range of 102 to
103 s�1 M�1, whereas the largest ratio in their survey,
3.7 � 106 s�1 M�1, was associated with a substrate containing 61
SNAP-25 residues. Poras and coworkers [56] reported that a 48-
mer peptide containing norleucines in place of methionines
yielded a kcat/KM value of 8.85 � 106 s�1 M�1. Kinetic assays with
the DARET substrate agree with these findings.

The fraction of the GS25B substrate cleaved, and therefore the
kinetic parameters KM and kcat, can be determined by monitoring



Fig.4. Kinetic trace of proteolysis of 300 nM GFP–SNAP25–BFP by 5 nM rLC/A at
37 �C followed by polarization (black). The fraction cleaved is also shown (gray).

Fig.5. Kinetics of GFP–SNAP25–BFP cleavage by rLC/A. The concentration-depen-
dent initial rates versus substrate (S) concentration are fit to a hyperbola, kcat[S]/
(Km + [S]), to determine the steady-state kinetic constants kcat and KM.
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the FP change during assays of BoNT proteolytic activity (as de-
scribed in Materials and Methods). Fig. 4 shows a typical progress
curve for the cleavage of GS25B with rLC/A and the fraction of the
substrate cleaved using Eq. (2), as obtained on a standard steady-
state fluorimeter. On this instrument, the values of Fintact and
Fcleaved were 1,230,000 and 281,000 counts/s/lM, respectively,
and the polarizations of the intact and cleaved substrate were
�0.043 and 0.335, respectively. The kinetic parameters determined
from Michaelis–Menten analysis of the kinetic plots (Fig. 5) for rLC/
A and 150-kDa native BoNT/A are presented in Table 2. The basis of
the difference in catalytic efficiency between the two molecules is
explained by these parameters. With an identical proteolytic
mechanism for both molecules, the turnover rates (kcat) were pre-
Table 2
Kinetic constants of rLC/A and 150-kDa native BoNT/A.

Protein KM (lM) kcat (s�1) kcat/KM (lM�1 s�1)

rLC/A 3.4 ± 0.3 5.0 ± 0.4 1.4 ± 0.1
150-kDa BoNT/A 0.51 ± 0.07 4.5 ± 0.2 8.8 ± 0.2

Note: All data were recorded at 37 �C. Values presented are means ± standard
deviations (n P 2).
dicted to be nearly equal, a prediction that our results validate.
However, there is a 6-fold higher catalytic efficiency for the native
BoNT/A compared with the recombinant light chain as a result of a
tighter association, KM (Table 2). The additional protein sequence
included at the N terminus of the rLC/A molecule is probably
responsible for its reduced substrate affinity given that the N ter-
minus is near the extended substrate binding cleft [13]. LC/A activ-
ity appears to be sensitive to the exact sequence of the light chain,
as demonstrated by other assays [40].
Conclusion

In this article, we have described a fluorescence-based assay for
the protease activity of BoNT/A or BoNT/E. This assay, termed DAR-
ET, uses a substrate containing SNAP-25 residues 134–206 linked
to BFP and GFP. The assay takes advantage of the fact that FRET be-
tween the donor (BFP) and acceptor (GFP) moieties results in sig-
nificant depolarization of the emission, which is subsequently
abolished after cleavage of the substrate separates the donor and
acceptor. The assay is versatile, allowing high-throughput screen-
ing with rapid data acquisition and analysis as well as character-
ization such as determination of Michaelis–Menten parameters
(i.e., Km and Vmax) for BoNT/A and BoNT/E.

The application of resonance energy transfer to alter the polar-
ization of emitted light provides several advantages, including a
reduction in background interference in DARET measurements
compared with intensity-based FRET assays. This background
reduction occurs because the endogenous fluorophores in more
complex biological mixtures, such as E. coli lysates, do not have
Stokes shifts as large as the difference between the excitation
and emission wavelengths of the DARET assay. This fact allows di-
rect testing for BoNT light chain activity in crude cell lysates. Other
advantages include the absolute nature of the measurement, which
does not rely on the particular instrument platform used, and the
ability to calculate the fraction of substrate cleaved directly from
the FP measurements, which simplifies kinetic analyses and would
allow application of DARET as an absolute assay. In contrast, inten-
sity-based FRET assays will produce different intensity ratios
depending on the precise instrumentation employed and generally
require a standard curve as a reference to determine the extent of
proteolysis. The DARET assay can be applied to other proteases by
altering the amino acid sequence separating the two fluorophores
to include the substrate sequence for the desired protease.
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