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a b s t r a c t

Our previous article described a fluorescence-based assay for monitoring the proteolytic activity of bot-
ulinum neurotoxin types A and E (BoNT/A and BoNT/E). As detailed in that article, the assay is based on
depolarization due to Förster resonance energy transfer between blue fluorescent protein (BFP) and green
fluorescent protein (GFP) moieties linked via residues 134–206 of SNAP-25 (synaptosome-associated
protein of 25 kDa), the protein substrate for BoNT/A and BoNT/E. Before cleavage of this recombinant sub-
strate, the polarization observed for the GFP emission, excited near the absorption maximum of the BFP,
is very low due to depolarization following energy transfer from BFP to GFP. After substrate cleavage and
diffusion of the fluorescent proteins beyond the energy transfer distance, the polarization is high due to
observation of the emission only from directly excited GFP. This change in fluorescence polarization
allows an assay, termed DARET (depolarization after resonance energy transfer), that is robust and
sensitive. In this article, we characterize the spectroscopic parameters of the system before and after
substrate cleavage, including excitation and emission spectra, polarizations, and lifetimes.

� 2011 Elsevier Inc. All rights reserved.
Polarized fluorescence from solutions of fluorescein and other
xanthene-based fluorophores was first observed in 1920 by
Weigert [1], who noted that polarization increased as the molecu-
lar rotation of the fluorophore decreased. Perrin soon developed
the theoretical foundations for depolarization of fluorescence due
to Brownian rotation of the fluorophore [2], and this technique
was introduced into biochemistry by Weber during the 1950s
and 1960s. Laurence, working with Weber’s polarization instru-
ment, first measured the binding of fluorophores to proteins using
fluorescence polarization [3], and during the 1960s Dandliker and
coworkers [4,5] used fluorescence polarization to follow antigen–
antibody interactions, thereby initiating the field of fluorescence
polarization immunoassays (FPIAs)1. During the late 1970s to early
1980s, Abbott Laboratories developed a commercial instrument
designed to use fluorescence polarization-based immunoassays to
quantify specific antigens in biological fluids. This instrument, the
TDx, was extremely successful commercially and helped to popular-
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ize fluorescence polarization-based assays in the clinical chemistry
field [6]. All of these fluorescence polarization approaches to ligand
binding and biological assays used the fact that changes in rotational
diffusion of the fluorophore give rise to the observed changes in
polarization. A recent review covered historical aspects, theory,
and practice of fluorescence polarization/anisotropy applied to
ligand binding and assays [7].

In 1924, Gaviola and Pringsheim [8] described the concentra-
tion-dependent depolarization of fluorescein in viscous solvents
(i.e., solvents that did not allow for significant rotational diffusion
of the fluorophores during their excited state lifetime). This depo-
larization was recognized as being due to transfer of excited state
energy between fluorophores in proximity and was the motivation
for early treatments of resonance energy transfer that eventually
led to modern theories of Förster resonance energy transfer (FRET).
Theories of depolarization after such self-transfer (also termed
homotransfer) were given by Weber [9] and several other
researchers (reviewed in Ref. [10]). This approach has been used
in protein chemistry to study processes such as protein subunit ex-
change [11–14] and to follow protein association inside living cells
[15–17].

Depolarization due to heterotransfer (i.e., between different
molecular species) was also observed years ago. Among the earliest
reports of this phenomenon was Weber’s observation of depolar-
ization of tryptophan fluorescence in proteins due to FRET from
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excited tyrosine residues [18,19]. Although most modern hetero-
FRET experiments rely on changes in intensity or lifetime, as We-
ber’s early work showed, it is also possible to use changes in
polarization to monitor changes in FRET efficiency. The DARET
(depolarization after resonance energy transfer) assay described
in our previous article [20] uses such polarization changes to fol-
low cleavage of a peptide substrate for botulinum neurotoxin type
A (BoNT/A).

During the years following the initial report of the isolation and
spectral properties of green fluorescent protein (GFP) from the
Aequorea victoria jellyfish [21], a great many mutations were intro-
duced into the protein backbone using site-directed mutagenesis
to alter the absorption and emission properties of the chromophore
(see, e.g., Ref. [22]). One of the first such mutations was the change of
tyrosine at position 66 to histidine, which gave rise to a blue-shifted
emission [23]. This mutant was subsequently named blue
fluorescent protein (BFP) and was the first in a series of blue-shifted
fluorescent proteins. The particular GFP and BFP proteins used in the
current study are described in our previous article [20].

The first FRET-based assay using BFP to GFP transfer was for fac-
tor X protease [24]. The initial motivation for the development of
different fluorescent proteins was to create systems with enhanced
brightness and spectral properties (absorption and emission) more
suitable for conventional fluorescence microscopy. Soon, however,
an additional motivation was to develop donor–acceptor pairs
with the highest possible Förster critical transfer distance (R0).
Nearly all of the approaches to this problem concerned improving
the overlap integral between the donor emission and the acceptor
absorption spectra.

Most FRET measurements with fluorescent protein systems have
been done using fluorescence intensity, often using the ratio of
intensities taken at two wavelengths (e.g., the emission maxima of
the donor and acceptor). During recent years, the development of
fluorescence lifetime imaging microscopy (FLIM) has led to the use
of lifetime determinations on the donor to ascertain changes in FRET
efficiency resulting from some type of perturbation (e.g., binding or
release of ligands such as calcium, changes in protein–protein inter-
actions). Nagai and coworkers [25], recognizing that FRET efficiency
in a donor–acceptor pair depends on the relative orientation of the
two dipoles, synthesized a variety of cyan fluorescent protein–yel-
low fluorescent protein (CFP–YFP) calcium sensor systems with al-
tered orientations and noted that the anisotropy/polarization
changed on calcium binding, with the largest change being 0.17 in
anisotropy. This result clearly indicated that the orientation of the
donor and acceptor system changed on ligand binding. Although
many ‘‘new and improved’’ FRET fluorescent protein pairs have been
described, a BFP–GFP pair can result in excellent FRET characteris-
tics, as shown in this article. Moreover, as shown in this study, the
original BFP–GFP FRET pair offers certain advantages over other
popular fluorescent protein FRET pairs currently in use.
Materials and methods

Steady state fluorescence

GFP–SNAP25 (synaptosome-associated protein of 25 kDa)–BFP,
GFP–SNAP25, and BFP–SNAP25 were isolated and purified as
described in our previous article [20]. Absorption spectra were
measured using a UV-2401PC absorption spectrophotometer (Shi-
madzu, Kyoto, Japan) with 5-nm slit widths. Steady state fluores-
cence measurements were conducted on an ISS PC1 steady state
fluorimeter (ISS, Champaign, IL, USA) using a xenon lamp as the exci-
tation source. Emission spectra were corrected for the polarization
dependence of the emission monochromator and the wavelength-
dependent response of the photomultiplier tube (PMT) using
correction files provided by ISS traceable to an NBS (National Bureau
of Standards) calibrated standard lamp. Corrected excitation spectra
were obtained by correcting for the wavelength dependence of the
lamp/excitation monochromator output. The lamp spectrum was
determined using a 3-mm square cuvette containing 10 mM rhoda-
mine B (Sigma, St. Louis, MO, USA) in spectroscopic-grade ethanol
(Sigma) by scanning the excitation wavelength and monitoring the
emission at 620 nm. The cuvette was carefully positioned such that
fluorescence emission from the front face of the cuvette was opti-
mally collected with minimal scattered light. Slit widths were 4
and 16 nm for the excitation and emission monochromators, respec-
tively, and the excitation polarizer was vertical to eliminate polari-
zation artifacts (e.g., Wood’s anomalies) from the excitation
monochromator [26].

Time-resolved fluorescence

Frequency domain time-resolved spectroscopy (see, e.g., Ref.
[27]) was conducted on an ISS Chronos fluorimeter using 375- or
471-nm laser diodes for excitation. Excitation and emission polariz-
ers were set parallel and 55�, respectively, to the vertical laboratory
axis to eliminate polarization effects [28]. On exciting with the 375-
nm laser diode (in conjunction with a 375/6-nm bandpass excitation
filter [Semrock, Rochester, NY, USA]), dimethyl-POPOP (1,4-bis-(5-
phenyloxazolyl-2-)-benzene) in ethanol was used as the fluores-
cence lifetime reference (1.45 ns). On excitation with the 471-nm
laser diode (with 482/18-nm bandpass excitation filter [Semrock]),
fluorescein (Sigma) in 0.01 M NaOH was used as the lifetime refer-
ence (4.05 ns). Modulation frequencies were chosen such that the
phase delay stayed within the range of 15–75�. GFP emission at
wavelengths greater than 525 nm was isolated using a Corning long-
pass filter (product no. 3484), whereas the BFP emission was isolated
using a 435/40-nm bandpass filter (Semrock). All fluorescence
measurements were made in 10 � 4-mm Spectrosil quartz cuvettes
(Starna Cells, Atascadero, CA, USA). Frequency domain data were
analyzed using Globals for Spectroscopy (Laboratory for Fluores-
cence Dynamics, University of California, Irvine).

Quantum yield determination

The fluorescence quantum yield of the BFP was determined
relative to quinine sulfate in 0.1 M sulfuric acid at 22 �C by exactly
matching the optical density at the excitation wavelength
(368 nm) of the sample and reference. The published quantum
yield of quinine sulfate under similar conditions varies from 0.48
[29] to 0.70 [30]; for this treatise, the value of 0.546 [31] was used.
The total emission was collected using a 400-nm longpass filter
(KV 399, Schott, San Jose, CA, USA). The spectral bandwidths of
the absorption spectrometer and excitation monochomator were
matched as closely as possible (5 and 4 nm, respectively). The
extinction coefficients of BFP and GFP were determined using the
bicinchoninic acid (BCA) assay method as described in Ref. [32].
Results and discussion

The absorption spectra of BFP–SNAP25, GFP–SNAP25, and the
GFP–SNAP25–BFP substrate are shown in Fig. 1A. Although the
maximum near 385 nm is due primarily to BFP, there is some
absorption in this region due to GFP. Within the GFP–SNAP25–
BFP substrate, the absorption at 375 nm (the wavelength used in
the time-resolved and polarization measurements) due to the
GFP is approximately 8%. The absorption peak near 490 nm is,
however, due entirely to GFP. Also of note is the slight red shift
of the absorption of GFP within the GFP–SNAP25–BFP substrate
compared with GFP–SNAP25. The corrected emission spectra of



Fig.1. (A) Absorption spectra of GFP–SNAP25 (green), BFP–SNAP25 (blue), and GFP–
SNAP25–BFP (red). (B) Normalized corrected emission spectra of BFP–SNAP25
(blue) and GFP–SNAP25 (green). Excitation was at 375 nm (BFP) and 460nm (GFP).

Fig.2. (A) Corrected excitation spectra of the intact (red) and cleaved (green)
substrate. Emission was observed at 560 nm. For comparison, the absorption
spectrum of GFP–SNAP25–BFP (blue) is also shown. (B) Corrected emission spectra
for intact (red) and cleaved (green) GFP–SNAP25–BFP. Excitation was at 375 nm.
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BFP–SNAP25 and GFP–SNAP25 are shown in Fig. 1B. The corrected
excitation spectra of BFP–SNAP25, GFP–SNAP25, and GFP–SNAP25-
BFP are shown in Fig. 2. The slight red shift of the GFP peak in the
GFP–SNAP25–BFP substrate seen in the absorption spectrum is
also present in the excitation spectra. Typically, a change in the
absorption spectrum of a compound is associated with a change
in ground state interactions, and this observed change may be
indicative of direct interaction of the BFP and GFP moieties (dis-
cussed below). A substantial increase in intensity is seen in the
BFP peak for the intact GFP–SNAP25–BFP substrate compared with
the cleaved BFP due to the FRET from the BFP to the GFP.

The emission peaks of BFP and GFP are at 448 and 505 nm, respec-
tively (Fig. 1B). Consistent with the change of the excitation spec-
trum, the emission spectrum of GFP–SNAP25–BFP, when excited
at 375 nm, also changes when cleaved, with the GFP emission being
substantially reduced while the BFP emission increases (Fig. 2B).

Excitation polarization spectra for GFP emission in the intact
and cleaved GFP–SNAP25–BFP are shown in Fig. 3A. The difference
in polarization between the intact and cleaved substrate demon-
strates that the optimal wavelength range to achieve the greatest
change in polarization on substrate cleavage, approximately 0.4,
occurs between 350 and 375 nm. The optimal excitation wave-
length for the assay, regarding intensity and polarization change,
is approximately 375 nm. This wavelength provides near maximal
change in the polarization when the substrate is cleaved and near
maximal absorption due to the BFP. At excitation wavelengths
longer than 425 nm, the change of the polarization is negative at
approximately �0.025 (Fig. 3A). The change of the polarization
above 425 nm excitation is not associated with depolarization
due to energy transfer; rather, it is caused by the increase in the
rotational relaxation time of the fluorophore due to the reduced
size of the rotating moiety (i.e., GFP–SNAP25 vs. GFP–SNAP25–
BFP). The emission polarization scans of the cleaved and intact sub-
strate (Fig. 3B) illustrate the importance of choosing an appropriate
emission wavelength or filter. Emission wavelengths less than
470 nm result in a minimal change on proteolysis; hence, for max-
imal change of the polarization, emission greater than 510 nm
should be collected. The data in Fig. 3A were collected using a
537-nm longpass filter (Corning, product no. 3484) that almost
completely eliminates emission from the BFP, which would reduce
the polarization change.

Some fluorescent proteins, such as the ones used in this assay,
have been reported to form dimers at high concentrations [33,34].
The presence of BFP–GFP or GFP–GFP dimers, after cleavage of the
substrate, actually explains some observations. Namely, we
observed that the final polarization reached after substrate cleavage
was dependent on the concentration of the substrate (Fig. 4). As
shown in Fig. 4, there appears to be both BFP–GFP and GFP–GFP
dimers present, and we assume that BFP–BFP dimers could also



Fig.3. (A) Excitation polarization spectrum of intact (red) and cleaved substrate
with rLC/A (green) GFP–SNAP25–BFP. Emission was observed through a 527-nm
longpass filter in both cases. The change in the polarization on cleavage is
represented by the blue curve. (B) Emission polarization scan of intact (red) and
cleaved (green) GFP–SNAP25–BFP exciting at 375 nm.

Fig.4. Serial dilution of GFP–SNAP25–BFP cleaved with trypsin exciting at 375 nm
(blue) and 480 nm (green) collecting emission through a 537-nm longpass filter.

Table 1
Results of the data analysis.

Sample s1 (ns) s2 (ns) v2 q (ns) v2

Intact GFP–SNAP25–BFP
(Ex 375, Em BFP)

1.57 (71%) 0.55 (29%) 1.69

GFP–SNAP25–BFP
(Ex 471, Em GFP)

3.07 (100%) 0.78 91.9 (0.39) 0.08

Cleaved GFP–SNAP25–BFP
(Ex 375, Em BFP)

1.49 (91%) 0.4 (9%) 1.60

Cleaved GFP–SNAP25–BFP
(Ex 471, Em GFP)

3.09 (100%) 2.01 52.9 (0.39) 0.08

Note: Chi-square (v2) values were calculated as indicated in Ref. [27]. For lifetime
analysis, standard errors for phase and modulation of 0.2 and 0.004, respectively,
were used. The last three columns show the rotational relaxation times and asso-
ciated anisotropies and the chi-square values associated with the fits.
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exist. It is difficult to accurately determine the Kd for the dimeriza-
tion processes from Fig. 4, but it appears to be consistent with a Kd

in the range of 100–200 lM, which agrees with previously reported
values based on analytical ultracentrifugation [35]. The interaction
of the cleaved BFP and GFP is also seen at higher concentrations,
but at 3 M GuHCl an increase in the polarization to the level reached
at sub-100-nM concentrations was obtained (data not shown). At
concentrations of cleaved substrate less than 500 nM, the polariza-
tion of the cleaved fraction is 0.39, whereas at higher concentrations,
the polarization decreases due to energy transfer between the com-
plexed BFP and GFP fragments. When using the DARET assay to
investigate kinetics of a proteolytic process, one would typically
be interested only in the initial region of the assay where the cleaved
substrate fraction is very small compared with the total substrate
concentration; thus, at no stage will there be a concentration of asso-
ciated cleaved fluorescent proteins to appreciably affect the
measurement.

Time-resolved data on these systems are shown in Fig. S1 in the
supplementary material, with Table 1 listing the results of the data
analysis. The lifetime of the GFP remains essentially unchanged in
the intact or cleaved substrate at approximately 3.1 ns (although in
the intact substrate there is a slight phase delay as expected in the
phase data due to the energy transfer [data not shown]). The BFP
lifetime is reduced in the intact substrate due to the energy
transfer from 1.57 ns (71%) and 0.55 ns (29%) to 1.49 ns (91%)
and 0.4 ns (9%), respectively.

The rotational relaxation times of the intact substrate, observed
via either the BFP or GFP emissions, are consistent with a single
rotator with no local motion of the chromophore (Fig. 5) [26]. This
conclusion is supported by the decrease in the phase delay at high
frequencies and suggests that the conformation of the substrate is
such that the BFP and GFP moieties are not freely rotating with re-
spect to one another but rather rotate together as a single unit. The
rotational relaxation time of the BFP–SNAP25 cleavage product is
similar to that of free GFP, whereas the GFP–SNAP25 cleavage pro
is larger, consistent with the cleavage site being closer to the BFP.

As shown in Fig. 3 as well as in our previous article [20], excita-
tion of the intact GFP–SNAP25–BFP near the BFP absorption maxi-
mum and observation of the emission of GFP lead to a very low
polarization value. Cleavage of the GFP–SNAP25–BFP peptide by
BoNT/A, recombinant type A light chain (rLC/A), or trypsin, how-
ever, results in a high polarization for the GFP emission. This origi-
nal low polarization is due to FRET from the excited BFP to the GFP.
Specifically, the orientation of the BFP transition dipole is at a rel-
atively large angle with respect to the GFP absorption dipole, as de-
picted in Fig. 6. As detailed in Appendix A, this value was calculated
to be 70�.

To investigate the stability of the GFP–SNAP25–BFP and the rel-
ative BFP–GFP orientation and distance, the polarization of GFP–
SNAP25–BFP, on 385 nm excitation with emission observed using
a 537-nm longpass filter (Corning, product no. 3484), was mea-
sured as a function of GuHCl concentration (Fig. 7). One observes
that the polarization decreases slightly at 100 mM GuHCl, with this
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Fig.6. Depiction of GFP–SNAP25–BFP before and after cleavage. Note that it is the
acute angle between the dipoles that is used in the determination of j2.
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decrease indicating a slight increase in the energy transfer effi-
ciency. As the GuHCl concentration increases, the polarization in-
creases due to the reduced energy transfer as the fluorescent
protein moieties separate. Due to the resilient b-barrel structure
of the fluorescent proteins, even 3 M GuHCl does not result in their
denaturation [36]; however, the SNAP25 domain will unfold. The
substrate was not irreversibly denatured, as illustrated by the re-
turn of the polarization values to their initial values on dilution
into GuHCl free buffer (see red triangles in Fig. 7 at approximately
0.03 and 0.3 M GuHCl).
The Förster critical radius (R0) over which the energy transfer
efficiency falls to 50% is given by

R0 ¼ 0:2108 j2/Dn�4
Z 1

0
IDðkÞeAðkÞk4dk

� �1=16

; ð1Þ

where j2 is the orientation factor, ID is the quantum yield of the BFP
donor (0.21), n is the refractive index of the medium (1.4) [37], and
ID(k) and eA(k) are the normalized donor fluorescence emission spec-
trum and acceptor extinction coefficient spectrum as a function of
wavelength (k), respectively. The extinction coefficients of the GFP
and BFP used in this treatise have not been reported previously, but
they were determined by us to be 50,400 ± 800 M–1 cm–1 (475 nm)
and 28,000 ± 1000 M–1 cm–1 (375 nm), respectively. From this equa-
tion, one can calculate a value of R0 that is independent of the j2

value, termed R00 = R0/(j2)1/6 = 37 Å. The upper and lower limits of
j2 can be determined from the limiting polarization values of the do-
nor and acceptor and the angle between the donor emission and
acceptor absorption dipoles [10,38]. The limiting polarization values
of BFP and GFP were determined to be 0.480 and 0.475, respectively.
The angle between the donor and acceptor was calculated to be 70�
(Appendix A). From these values, the maximum and minimum values
of j2 as determined from the Dale–Eisinger–Blumberg plots [38]
were found to be 2.6 and 0.05, respectively. Thus, the range of R0

values is from 43 Å (j2 = 2.6) to 22 Å (j2 = 0.05).

FRET efficiency

The efficiency of the FRET process can be estimated from both
the fluorescence intensity and lifetime data. Based on the increase
of the excitation spectrum, the calculated energy transfer effi-
ciency is 34% calculated from Eq. (2) [39]:

A ¼ eA þ EeD; ð2Þ

where A is the magnitude of the excitation spectrum of the energy
acceptor, E is the energy transfer efficiency, and eD and eA are the
extinction coefficients of the donor and acceptor, respectively. From
the integrated change in the corrected emission spectra of the GFP
emission, before and after substrate cleavage (Eq. 3) [40], a FRET
efficiency of 36% is calculated:

E ¼ eAðkDÞ
eDðkDÞ

IA

I0
A

� 1

" #
; ð3Þ

where IA and I0
A are the total intensity of the acceptor in the pres-

ence and absence of the donor, respectively, at the donor excitation
wavelength (kD).

The FRET efficiency was also determined from the fluorescence
lifetime of the donor from Eq. (4) [37]:

E ¼ 1� sD

s0
D

; ð4Þ

where sD and s0
D are the fluorescence lifetime of the donor in the

presence and absence of the acceptor, respectively. Due to the mul-
tiexponential decay of the BFP in the presence and absence of the
acceptor, sD and s0

D must be calculated from the amplitude averaged
lifetime <s> values (Eq. 5) [41]:

hsi ¼
P

iaisiP
iai

; ð5Þ

where ai and si are the preexponential amplitude and lifetime
value of the ith lifetime component, respectively. The lifetime
components of the substrate cleaved and intact are given in Table 1.
The average lifetime of the BFP increased from 1.02 to 1.17 ns
following proteolysis, resulting in an energy transfer efficiency of
13%.

Accurately quantifying the energy transfer efficiency in a
fluorescent protein FRET system can be problematic for several
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reasons. First, less than 100% of the chromophores within fluores-
cent proteins develop, leaving a fraction of the proteins ‘‘dark’’. In
the case where the BFP chromophore has not developed, only emis-
sion from the directly excited GFP will be seen, hence not affecting
the BFP intensity or lifetime. However, if the GFP chromophore does
not mature, then this BFP will have its native fluorescence lifetime
and intensity regardless of proteolysis of the SNAP25 domain. The
lifetime of the fraction of molecules without GFP cannot be resolved
from the lifetime of the quenched BFP. The presence of the longer
lifetime BFP population serves to increase the measured lifetime,
leading to an overestimate of the lifetime in the presence of
energy transfer. Alternatively, if the donor undergoes a very high
efficiency of energy transfer, then its lifetime will be very short
and its fluorescence quantum yield will be greatly reduced. This
situation results in the fraction of molecules without acceptors
(which still possess the higher quantum yield) contributing the
majority of the emission to the measurement. These factors, com-
bined with the multiexponential decay behavior of the BFP, contrib-
uted to the lower estimate of the energy transfer when calculated
from the time-resolved measurements.

Both GFP and BFP are barrel-shaped proteins composed of 11
antiparallel b-sheets [34] with some a-helical stretches. The chro-
mophore in both cases is due to the oxidation and rearrangement
of three amino acids, namely at positions 65, 66, and 67. The chro-
mophore is situated near the center of the protein, and its absorp-
tion dipole is oriented at approximately 60� with respect to the
long axis of the protein barrel [42]. Based on the energy transfer
efficiencies and the range of j2 values, the possible range of dis-
tances between the BFP and GFP can be calculated. From the exci-
tation spectrum, the range is 25–48 Å; from the emission
spectrum, the range is 25–48 Å; and from the time-resolved data,
the range is 31–59 Å. The dimensions of the b-barrel of the fluores-
cent proteins are approximately 30 Å across and 42 Å long. Thus,
for the lower range of distances, the b-barrels of the BFP and GFP
would be in contact. The slight shift of the absorption spectrum
of the GFP and the observed interaction of the cleaved BFP and
GFP (Fig. 5) combined with the single rotational relaxation time
(which is consistent with the size of the intact substrate as op-
posed to the rotational rate that one might expect from a GFP moi-
ety free to rotate independently) suggest that they are most likely
in contact in the intact substrate. The fluorescent proteins used in
this assay have not had the numerous mutations to remove the
sites of interaction that other variants have had. However, the
presence of this interaction allows significant energy transfer and
a large polarization change using the original BFP and GFP moie-
ties. Other BoNT/A substrates based on SNAP25 and using FRET be-
tween fluorescent proteins have been developed, but the changes
detected on proteolysis are much less (e.g., Ref. [43]). We postulate
that even though the spectral overlap between the CFP and YFP
used in Dong and coworkers’ assay was larger, the absence of
any direct interaction resulted in the proteins not being in contact
despite their being tethered, resulting in a larger mean separation
and, hence, less efficient energy transfer [43].

The large change in the polarization on cleavage of the substrate
is due primarily to the large angle between the absorption dipole of
the acceptor and the emission dipole of the donor combined with
the detection of only the emission from the acceptor. The change
of angle is manifested through a change in the effective P0 in the
Perrin equation due to the energy transfer. Although there is also
a change in the rotational volume, this effect, given the relatively
short fluorescence lifetime, contributes much less to the change
in the polarization than does the effect of the angle. The excitation
and emission wavelengths of the experiment were chosen specifi-
cally to result in the most pronounced change in polarization.

We note that a value of 2/3 is almost always adopted for j2

based on the assumption of ‘‘dynamic averaging’’ between the
dipoles. However, dynamic averaging should apply only when
the dipoles can move appreciably during the excited state lifetimes
of the donor and acceptor (when the acceptor is fluorescent). In the
case of fluorescent proteins (e.g., BFP, GFP) that have relatively
short fluorescence lifetimes compared with their rotational rates,
especially when they are attached to other moieties, the dynamic
averaging assumption cannot be rigorously justified.
Conclusions

Our previous article [20] demonstrated the usefulness of the
DARET assay, in both regular and high-throughput formats, to
monitor the proteolytic activity of BoNT/A and to determine kinetic
constants. In this article, we have examined the photophysics
underlying this assay. Although many FRET-based assays and
FRET-based biosensors have been described, to our knowledge
the DARET assay is the first such polarization-based FRET assay.
One intrinsic advantage of this type of assay is that the polarization
(or anisotropy) values are intrinsic parameters that are platform
independent. When coupled with protease measurements, a DAR-
ET assay also has the advantage that the measured parameters can
be directly related to the number of product molecules formed,
facilitating determination of kinetic parameters, as illustrated in
our previous article [20].
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Appendix A. Calculation of the angle between BFP and GFP

Note. For convenience of illustration, anisotropy is used
throughout Appendix A, whereas polarization is used throughout
the body of the article.

In the intact substrate, the following species can contribute to
the anisotropy:

1. Directly excited BFP
2. Directly excited GFP; and
3. GFP excited via FRET from BFP.

Both species 1 and 2 are also present whether the substrate is
cleaved or intact, whereas specie 3 is present only for the intact
substrate.

Let fBBi + fGGi + fBGi = 1, where f indicates the fraction of the total
GFP emission and where the subscripts BB, GG, and BG denote spe-
cies with excitation and emission from BFP, excitation and emis-
sion from GFP, and excitation of BFP followed by FRET to GFP,
respectively, and the subscripts i and c denote intact and cleaved
substrate, respectively.

From the Perrin equation and the data in Table 1, r0/r = 1 + 3s/q;
therefore, using the values determined in the article, rGGi = 0.333.

Assuming that the only factor responsible for the change of fluo-
rescence intensity measured is due to the reduction in the amount of
energy transfer, the intensity of the 100% cleaved substrate will be
due solely to that from the directly excited GFP specie. In addition,
the fractional intensities will be proportional to the species frac-
tions, that is, IGGc/IBGc = fGGc/fBGc, Ii = IGGi + IBGi = 950 � 103 cps, and
If = IGGc = 186 � 103 cps. Therefore, fBGi = 0.84 and fGGi = 0.16.

Thus, the anisotropy of the intact substrate undergoing energy
transfer rBGi = �0.088.

Taking into account each of the depolarizing processes within
the intact substrate exhibiting energy transfer – that is, depolariza-
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tion due to the angle between the absorption and emission dipoles
of BFP (11.8�), the emission dipole of BFP and the absorption dipole
of GFP (h), the absorption and emission dipoles of GFP (11.2�, r0

GFP = 0.377 [430 nm]), and finally the rotational molecular motion
(16.7�) that has occurred during the excited state lifetime, we can
calculate h using the Soleillet theorem [44,45]:

r ¼ 2
5
pidi;

where di = (3/2 cos2hi �½) and hi is the depolarization through an-
gle hi for the ith depolarizing process. From this equation, the angle
between the emission dipole of the BFP and the absorption dipole of
the GFP is 70�.
Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ab.2011.01.045.
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