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ABSTRACT: Forster resonance energy transfer (FRET) and bioluminescence resonance
energy transfer (BRET) are two major biophysical techniques for studying nanometer-
scale motion dynamics within living cells. Both techniques read photoemission from the
transient RET-excited acceptor, which makes RET and detection processes inseparable.
We here report a novel hybrid strategy, bioluminescence assisted switching and
fluorescence imaging (BASFI) using a bioluminescent Renilla luciferase RLuc8 as the
donor and a photochromic fluorescent protein Dronpa as the acceptor. When in close
proximity, RET from RLuc8 switches Dronpa from its original dark state to a stable bright
state, whose fluorescence is imaged subsequently with an external laser. Such decoupling
between RET and imaging processes in BASFI promises high photon flux as in FRET and
minimal bleedthroughs as in BRET. We demonstrated BASFI with Dronpa-RLuc8 fusion
constructs and drug-inducible intermolecular FKBP-FRB protein—protein interactions in
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live cells with high sensitivity, resolution, and specificity. Integrating the advantages of FRET and BRET, BASFI will be a valuable

tool for various biophysical studies.
SECTION: Biophysical Chemistry and Biomolecules

esonance energy transfer (RET) techniquesl based on

fluorescence (FRET)? or bioluminescence (BRET)® are
widely applied for cellular imaging to study fundamental
biochemistry. The efliciency of energy transfer is dependent on
the sixth order of donor—acceptor distance and hence RET
methods are sensitive for short-distance (on the nanometer
scale) interactions/changes. Many biochemical interactions/
changes fall within this range. Therefore FRET and BRET are
well suited for studies of protein—protein interactions™ as well
as protein conformation changes that report functionally
important cellular contents such as calcium,6 pH,7 glucose,8
Cu**,” and so forth.

In both FRET and BRET, the photoemission from the RET-
excited acceptor serves as the readout. In FRET, an external
laser is employed as the energy source for donor excitation
(Scheme 1a, left). In BRET, energy source is provided through
luciferase substrate oxidation (Scheme 1a, right). Because of the
transient nature of the electronic excited state, photoemission
of acceptor in both FRET and BRET is collected concurrently
as RET occurs.

We here propose a novel hybrid RET strategy, bio-
luminescence-assisted switching and fluorescence imaging
(BASFI), using a bioluminescent donor and a photoswitchable
fluorescent protein as its acceptor. Photoswitchable proteins
such as Dronpa (DG1) are an emerging class of fluorescent
proteins that can undergo reversible photoswitching,'”!"
between a bright fluorescent state and a dark state via
chromophore isomerization. This unique property has enabled
tremendous advances in frontier imaging techniques, such as
super-resolution imaging,'> deep-tissue imaging,">~'® biosen-
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sors,"” and optical control.'® Herein we adopt the dark state
DGl as the energy acceptor of a bioluminescent protein RLuc8.
The photophysics involved in BASFI is illustrated in Scheme
1(b). Bioluminescence energy transfer from RLuc8 excites the
dark-state DG1, which isomerizes to a bright state. This bright
state population is thermally stable and does not relax back to
dark state. Therefore, as the bioluminescence and RET
continues, the population of bright state DG1 accumulates.
We subsequently image this bright state population with an
external laser that excites the DG1 only. In this way, the RET
process and imaging process are temporally decoupled. We
demonstrated the principle of BASFI and applied it in imaging
of intramolecular and intermolecular protein—protein inter-
actions (PPI). In both cases BASFI can achieve both the high
sensitivity of FRET and the minimal spectral bleedthrough of
BRET.

As in FRET and BRET, donor and acceptor spectral overlap
is critical in BASFL In equilibrium, DGI is mainly in its bright
state, which emits green fluorescence when excited at 450—550
nm. Blue light around 488 nm can switch DG1 to a stable dark
state, which can then be switched back to the bright state by
violet light around 400 nm. As the switching-on quantum yield
of DG1 is much higher than the switching-off yield, we
naturally harness its efficient on-switching process in our BASFI
design. To match the absorption spectrum of the DGI1 dark
state, we specifically chose BRET2'”*° enzyme and substrate
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Scheme 1. Photophysics Involved in FRET, BRET and
BASFI?
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“(a) In FRET, the donor is excited by an external laser, which may
fluoresce (DBT) or transfer energy (ET) to the acceptor. The acceptor
then will emit photon (4g). Due to spectral overlap, the acceptor may
also be excited by donor excitation laser (ABT). In BRET, donor is
excited by enzymatic oxidation of luciferase substrate, which may emit
bioluminescence (4) or transfer energy to an acceptor and the
acceptor will emit photons. (b) In BASFI, the donor is bioluminescent
RLuc8. ET excites dark state DG1, which isomerizes to its bright state.
The bright state is subsequently imaged with an external laser that
excites DGI only.

that luminesces around 400 nm as the donor (while the BRET1
system luminesces around 490 nm”"). After absorbing ET from
RLuc8, the dark state of DG1 can be switched to its bright
state, which can then be subsequently imaged with an external
laser (Scheme 1b).

CTZA400a, also referred to as “deep blue C”, used to be the
sole RLuc8 substrate that luminesces around 400 nm. The
luminescence quantum yield of CTZ400a is extremely low.*>**
We here present three new CTZ analogues, me-CTZ, me-
eCTZ, and me-eCTZf, from Nanolight Technology (“me”
stands for “methoxy”). Figure 1 shows the RLuc8 catalyzed
bioluminescence spectra and kinetics of these four substrates.
The spectra all peak around 400 nm with substantial overlaps
with the absorption spectrum of the dark state DG1 (Figure
la). The me- substrates exhibit up to 13-fold higher
luminescence than CTZ400a (Figure.1b). Hence they are
good candidates for BASFI, as will be shown in the following.

We first demonstrate the effectiveness of BASFI in a fusion
construct DG1-RLuc8(S257G). DG1 was fused to the N-
terminus of RLuc8 with an optimized 12-amino-acid linker.”* A
point mutation S257G was introduced into RLuc8 to increase
the luminescence yield.”> We expressed the fusion in HEK293T
cells and performed BASFI in live cells. The experimental
procedure and raw data are illustrated in Scheme 2. In
equilibrium, DG is in bright state (Scheme 2a), so we first
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Figure 1. Bioluminescence spectra and reaction kinetics of different
substrates catalyzed by RLuc8. Reactions were carried out in cell
lysates of RLuc8-expressing HEK293T cells mixed with S uM
substrates. (a) Bioluminescence spectra. The peaks of substrates are
indicated in the legend. The absorption spectrum of DGI dark state is
also overlaid. (b) Bioluminescence kinetics.

Scheme 2. BASFI Experimental Procedure®
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“(a) DG is in bright state at equilibrium. (b) DGI is switched off by a
488 nm laser. (c) Addition of RLuc8 substrate switches DG1 to bright
state after some time. (d) Exposure to UV light switches all DG1 in
the cell to bright state. (e) The ratio between the images in (c) and
(d) represents the percentage of DGI1 switched on by BASFI Scale
bar: 10 ym.

switched off DG1 by scanning with a 488 nm laser (Scheme
2b), and then substrates were added to the media. We allowed
the reaction to proceed for 10 min, and then imaged the BRET-
switched-on population of DG1 with a 514 nm excitation laser
(Scheme 2c). In order to quantify the extent of BRET
facilitated on-switching, we subsequently switched on all DG1
with a UV lamp and imaged again with the 514 nm laser
(Scheme 2d). By comparing these two fluorescence images, we
got the BRET-switched-on population percentage of the bright
state (Scheme 2e).

Figure 2a—d shows the ratio images of such percentages
using various substrates. Consistent with their luminescence
spectra and vyields, me- substrates switch on DGl more
effectively than CTZ400a. As expected, when no substrate was
used, DGI1 remained in the dark state (Figure 2e). Figure 2g
further shows the time-dependent kinetics of the bright state
population every 2 min after addition of substrates, for a total of
10 min.

dx.doi.org/10.1021/jz402128j | J. Phys. Chem. Lett. 2013, 4, 3897—3902
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Figure 2. Live cell intramolecular BASFI of DG1-RLuc8(S257G) in HEK293T cells. (a—d): BRET2-switched-on population percentage of DG1 by
RLuc8 after incubating with different substrates for 10 min: (a) me-eCTZ; (b) me-eCTZf; (c) me-CTZ; (d) CTZ400a. (e) In the absence of
substrates, DG1 stays in the dark state. (f) Control images with DG1 alone expressed in HEK293T cell using me-eCTZ (more control images using
other substrates are shown in Figure S1). Without the donor RLuc8, DG1 cannot be switched on. (g) Kinetics of BASFL Each data point is an
average of three cells. The error bars are standard deviation. Scale bar: 10 pm.
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Figure 3. Donor—acceptor distance dependence of BASFI efficiency. (a) Linker length between RLuc8 and DG is varied by inserting 1—6 repeats
of (GGSGGS) sequence. Three images are shown for each constructs. Substrate used here is 25 yM me-CTZ. Schematic distance change is
illustrated on the top. RLuc8 is shown in cyan color and DG1 in green. Red loop is the linker. (b) Measured raw data of BASFI efficiency is modeled
with Forster equation to deduce Ry = 45 A. Three cells are measured for each distance. Error bars are standard deviations. Scale bar: 10 ym.

Both the images and the kinetics of BASFI presented in
Figure 2 evidently proved that energy transfer has occurred
between RLuc8 and DGI1 dark state in our intramolecular
construct. When no substrates were present, the measured
bright-state population percentage remained below 5%, which
arises from the residual dark state fluorescence.'® When proper
substrates were added, bright state population kept increasing
as bioluminescence reaction continued. After 10 min, more
than 50% DGl was switched on, yielding a signal-to-
background ratio of more than 10. Among the four substrates
tested, me-eCTZ outperformed the rest, because of its highest
luminescence yield (Figure 1b) and the plausible better spatial
orientation between the enzyme-bound me-eCTZ and dark
state DG1. For additional controls, we did similar experiments
on DG1 alone with me-eCTZ as shown in Figure 2f and other
substrates in Figurem S1. Without the donor RLuc8, even in
the presence of the optimized substrates, DG1 remained in the
dark state for all times.

To further validate that the observed fluorescence increase is
solely the consequence of BASFI instead of other factors
including bioluminescence or DGI1 switching-on by long-range
scattering luminescence photons, we first performed control
experiments with RLuc8 (without DG1) expressed in
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HEK293T cell (Figure S2). No signal can be detected when
substrates were added to these cells. Therefore the detected
signal could not have been bioluminescence. We then
coexpressed unlinked RLuc8 and DGI in HEK293T cells
(Figure.S3). No significant increase of fluorescence signal was
observed after addition of substrates. Therefore when RLuc8
and DG1 are not fused together, no energy transfer occurred
between them, and DG1 could not be switched on by scattering
bioluminescence photons.

We next determined the interaction range between RLuc8
and DGI1. We carried out systematic distance-dependence
study of the BASFI efficiency. We fused DGI1 to RLuc8 with
varying linker lengths. The linkers are (GGSGGS) sequence
repeats of 1 to 6 adopted from previous studies.”*>’ The
peptide length increases 3 A with every one additional
(GGSGGS) sequence as estimated by computer simulation
with a worm like chain model*® We transfected these
constructs in HEK293T cells, added 25 yM me-CTZ and
measured BASFI efficiency. Ratio images showing BASFI
efficiency are shown in Figure 3a. One can see that with
increasing linker length, the BASFI efficiency gradually
decreases. With 6 data points of BASFI efficiency and estimated
distance differences between them, we calculated the Forster

dx.doi.org/10.1021/jz402128j | J. Phys. Chem. Lett. 2013, 4, 3897—3902



The Journal of Physical Chemistry Letters

g
i

I'B

o

50
me-eCTZ -@- me-eCTZf

= -m me-CTZ -y CTZ400
s 401 —€- No substrate
= 4]
X<l
©
=
Q
o
Q
2
©
®
[ =
O

10

Time after adding substrates (min)

Figure 4. Live cell intermolecular BASFI of Rap induced L-FKBP2-RLuc8 and DG1-FRB association in HEK293T cells. (a—d) Ratio images of
BRET2-switched-on population of DGI after incubating with different substrates for 10 min: (a) me-eCTZ; (b) me-eCTZf; (c) me-CTZ; (d)
CTZ400a. (e) Control images without addition of substrates. (f) Control images without Rap, using the substrate me-eCTZ (more control images
with other substrates are shown in Figure S4). (g) Kinetics of intermolecular BASFI measured from the membrane region. Each data point is an
average of three cells. Error bars are standard deviation. Scale bar: 10 ym.

distance to be 45 A (Figure 3b) (see Supporting Information
for details). This is close to the typical Forster distance between
popular GFP FRET pairs.”® It falls within common protein
conformation change ranges and protein—protein interaction
ranges, which BASFI would be suited for.

Finally we demonstrated that BASFI works well for detection
of intermolecular PPI in live cells. As a proof of principle, we
chose the well-studied rapamycin (Rap) regulated association
of proteins FKBP and FRB as a model system.”” We adopt a
chimeric Lyn11-FKBP—FKBP (L-FKBP2) construct that is
highly effective in heterodimerization with FRB in the presence
of Rap,*® where Lyn11 (L) is a plasma membrane localization
sequence. We then fused RLuc8 to the C-terminus of L-
FKBP2, and fused DG1 to the N-terminus of FRB. We termed
the resulting constructs as L-FKBP2-RLuc8 and DGI-FRB,
respectively. We coexpressed L-FKBP2-RLuc8 and DG1-FRB
in HEK293T cells. When Rap was present, as shown in Figure
4a—d, after substrates were added, we observed obvious BRET
facilitated switching-on of DGI1 in the plasma membrane
region, which clearly proves that DG1-FRB was attracted to the
membrane localized L-FKBP2-RLuc8 and formed heterodimer
there. Cytosolic population of DGI is simply too low to be
detected.

As one negative control, in the absence of any substrates but
in the presence of Rap, DG1-FRB can be observed on the cell
membrane but with extremely low bright-state switching
population (Figure 4e). As another negative control, for cells
without adding Rap but with substrate me-eCTZ, DG1-FRB is
observed to be homogeneously distributed throughout the
cytoplasm with no bright-state of DG1 detectable above the
baseline (Figure 4f and Figure S4). This observation is
consistent with the known fact that Rap is required to induce
PPI between FKBP and FRB. Furthermore, Figure 4g shows
the detailed kinetics of the bright-state of DG1 every 2 min in
the presence of Rap after addition of various substrates. More
kinetics curves of control experiments without Rap are shown
in Figure S4. DGI bright state population increases when both
Rap and proper substrates are present, but remains below
baseline when there is no Rap or substrate. Therefore BASFI
demonstrates high specificity in imaging subcellular PPI as
exemplified by FKBP and FRB.

We have presented here a novel hybrid RET method, BASFI,
that can identify protein—protein interactions in live cells with
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high sensitivity, specificity, and resolution. We exploit the
transition of DG1 chromophore from dark to bright state on
accepting energy around 400 nm. This transition is
fundamentally different from those involved in traditional
FRET or BRET. In traditional FRET or BRET, energy transfer
excites the acceptor to its transient electronic excited state,
which quickly returns to its ground state within nanoseconds
via spontaneous emission. As a result, the RET-sensitized
emission has to be collected simultaneously as the donor
excitation and the RET are occurring. In BASFI, energy transfer
drives DG1 chromophore isomerization from its dark state to
its bright state (both are stable electronic ground states). Unlike
the short-lived electronic excited state, the switched-on bright
state of DGI1 does not relax back to the dark state, and its
population steadily accumulates over time as bioluminescence
continues. As a result, there is no urgency to image this bright
state concurrently as RET occurs. Instead it can be imaged at a
later time with an acceptor excitation laser in a fluorescence
microscope with high photon flux. Therefore the imaging
process is decoupled from the RET process in BASFL

Such decoupling of RET and imaging in BASFI could
significantly reduce spectral bleedthroughs in FRET and elevate
photon flux in BRET. As a comparison, we measured the donor
and acceptor bleedthroughs in the widely used CFP-YFP FRET
pair (Figure SS5) and determined donor bleedthrough (DBT)
and acceptor bleedthrough (ABT) to be >40% and >10%,
respectively. These numbers are much larger than the 5%
baseline present in BASFI. Three different samples and seven
images are required to correct for these bleedthroughs in
FRET. Moreover, typical FRET efficiency is ~10% (Figure
S5d) and signal-to-background ratio is less than 1. BASFI
efficiency is up to 50% and signal-to-background ratio is up to
10. Note that by using photoswitchable fluorescent proteins
that have less dark state fluorescence, such as mGeos,*' the 5%
baseline of DG1 could be further reduced and thus the signal-
to-background ratio can be even higher. Meanwhile, external
laser excitation of acceptor in BASFI offers much higher photon
flux when compared to BRET which is limited by the slow
enzyme turnovers. As a result, as demonstrated in FKBP-FRB
interaction, BASFI is capable of subcellular imaging, which is
difficult to achieve with BRET.

We believe the same strategy should also be applicable to
studies of other close-range interactions in live cells such as

dx.doi.org/10.1021/jz402128j | J. Phys. Chem. Lett. 2013, 4, 3897—3902
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protein conformation change, enzymatic dynamics, and so
forth. With the future development of more efficient luciferases,
brighter substrates, and faster switching fluorescent proteins, we
expect that the performance of BASFI could be even more
superior.

B EXPERIMENTAL METHODS

pcDNA-RLuc8 containing the cDNA of RLuc8 was generously
provided by Dr. Sanjiv Sam Gambhir at Stanford University.
Plasmid L-FKBP2-CFP and pEGFP-FRB were purchased from
Addgene.com. Then L-FKBP2-RLuc8 and DGI-FRB was
constructed in GenScript USA, Inc. by replacing the CFP and
EGFP with RLuc8 and DGI1 gene, respectively. All DG1 and
RLuc8 fusion constructs were custom-made in GenScript.

All substrates were purchased from Prolume Ltd. (http://
nanolight.com). Substrates were dissolved in propylene glycol
to a concentration of 5 mM and then stored in a —80 °C
freezer in 1 uL aliquots. To measure the bioluminescence
spectra and kinetics, pcDNA-RLuc8 was expressed in
HEK293T cell for 48 h, and then was lysed with 1X passive
lysis buffer (Promega). Then substrates were added to a final
concentration of 5 yM. Luminescence was immediately
collected in a BioTek synergy 4 hybrid multimode microplate
reader. For the bioluminescence spectra, signal was collected
every 2 nm with an integration time of 0.1 s. For the kinetics,
signal was collected every 2 s with no filter and an integration
time of 1 s.

For BASFI imaging, HEK293T were seeded in Lab-Tek 8-
well chambers with glass bottom in a medium composed of
90% DMEM, 10% FBS and 1% penicillin/streptomycin.
Plasmids were expressed in HEK293T for 48 h. Then medium
was replaced with 1X PBS buffer of pH6.8 right before imaging.
Images were collected in Leica TCS SPS confocal microscope.
A 63X 12 N.A. water immersion objective was used in all
experimental procedures. DG1 was first switched off to the dark
state by 5 scans of 488 nm laser with a dwell time of 200 us.
The power of 488 nm laser was 12.7 yW as measure from the
front aperture of the objective. Then substrates were manually
added into the sample wells to a final 25 yM. Images were
taken either every 2 min or after 10 min with a 514 nm laser of
0.7 yW, dwell time 40 ps. Fluorescence of DG1 was collected
from 520 to 650 nm. Then sample was shined with the UV
lamp for 10 s, and an image of 514 nm excitation was taken
again. Images of DG1 population percentage were generated by
directly dividing images following addition of substrates to that
after exposure to UV.
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