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Abstract
Bioluminescence resonance energy transfer (BRET) is currently used for monitoring various intracellular events,
including protein-protein interactions, in normal and aberrant signal transduction pathways. However, the BRET vectors
currently used lack adequate sensitivity for imaging events of
interest from both single living cells and small living subjects.
Taking advantage of the critical relationship of BRET
efficiency and donor quantum efficiency, we report generation
of a novel BRET vector by fusing a GFP2 acceptor protein with
a novel mutant Renilla luciferase donor selected for higher
quantum yield. This new BRET vector shows an overall
5.5-fold improvement in the BRET ratio, thereby greatly
enhancing the dynamic range of the BRET signal. This new
BRET strategy provides a unique platform to assay protein
functions from both single live cells and cells located deep
within small living subjects. The imaging utility of the new
BRET vector is shown by constructing a sensor using two
mammalian target of rapamycin pathway proteins (FKBP12
and FRB) that dimerize only in the presence of rapamycin.
This new BRET vector should facilitate high-throughput
sensitive BRET assays, including studies in single live cells
and small living subjects. Applications will include anticancer
therapy screening in cell culture and in small living animals.
[Cancer Res 2007;67(15):7175–83]

Introduction
Interactions of proteins are critical for many biological processes
including signal transduction. Signal transduction frequently
involves many regulatory proteins that enhance cell proliferation
in response to extracellular stimuli and, therefore, aberrant
mutations in these regulatory proteins are often potential targets
for cancer management (1). An example of one such regulatory
network is the mammalian target of rapamycin (mTOR) signaling
pathway. Deregulation of this pathway is shown to have a profound
effect in diverse human diseases including cancer (2, 3), and small
molecules (rapamycin and its analogues) that target mTOR
pathway proteins are attractive therapeutic candidates with
increasing clinical interest. In the scenario where either the genetic
mutations or the antiproliferative agents demand rapid screening
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procedures, optical reporter–based functional imaging assays
would be ideal. Currently, assays to identify and characterize these
interactions are primarily in vitro binding assays (4–6). In the past
5 years, imaging strategies based on yeast two-hybrid assays,
reporter complementation assays, and resonance energy transfer–
based assay methods (7–12) have been developed. However, all of
these approaches have encountered shortcomings, limiting their
potential to serve as a single imaging assay for measuring proteinprotein interactions from both single cells and physiologically
relevant small living animal models.
In the context of imaging oncogenic cellular events from small
animal models, bioluminescence approaches have the potential to
be much more sensitive than similar fluorescent or radionuclidebased approaches (13, 14). Several adaptations of bioluminescence
imaging have already been devised by our lab and others to detect
protein functions and protein interactions in small living animals,
such as the inducible luciferase yeast two-hybrid system (15, 16),
luciferase complementation (17–21), and, more recently, bioluminescence resonance energy transfer (BRET; refs. 22, 23). Although
these approaches show promise in detecting signal from specific
protein-protein interactions within small animal subjects, their
sensitivity to measure such events from single live cells and from
deep tissues within animals is limited. Due to the fact that the
emissions from luciferases usually yield very low levels of light,
counting sufficient photons to estimate brightness from a small
area typically requires long acquisition times, thus limiting existing
techniques in achieving single-cell sensitivity. This single-cell
sensitivity may be particularly important if one wants to study
heterogeneous behavior of individual cells instead of being limited
to studying the bulk behavior of groups of cells.
BRET is an emerging, nondestructive, cell-based assay technique
that allows detection of protein interactions in real time, thus
providing a new window for various proteomics applications
including receptor-ligand interactions and mapping of signal
transduction pathways, etc. This technique is based on a
nonradiative energy transfer between two fusion proteins, with
one protein containing a bioluminescent moiety as an energy
donor and the other protein a fluorescent moiety serving as the
energy acceptor. To date, in most BRET applications, the donor
moiety is Renilla luciferase (Rluc) and the acceptor moiety is the
yellow fluorescent protein (24). A second system, referred to as
BRET2 (25), provides for better spectral resolution by using a
mutant of the green fluorescent protein (GFP2) as the acceptor and
switching the native RLUC substrate, coelenterazine, with the
analogue coelenterazine-400a (Clz400; also known as DeepBlueC).
GFP2 is an Aequorea victoria GFP mutant adapted for excitation at
400 nm while retaining its 515-nm peak emission. Clz400 is similar
to the native substrate in being cell-permeable and nontoxic, but it
differs by yielding a 400-nm emission peak rather than the 485-nm
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peak of the native substrate. In this study, we describe the
development of new BRET vectors by fusing a mutated Renilla
donor protein with the GFP2 acceptor to achieve a significantly
higher BRET efficiency. The new vector is capable of imaging BRET
signal from live single cells as well as from superficial and deep
tissue structures of small animal models while using a cooled
charge-coupled device (CCD) camera–based spectral imaging
technique. Furthermore, by incorporating a sensor within the
new BRET vector based on rapamycin-dependent interacting
partners from the mTOR pathway, we tested the utility of the
system for imaging small-molecule dimerizer drug efficacies from
intact living single cells.

Materials and Methods
Materials. pGFP2-Rluc, phRluc-N, and pGFP2-C plasmids were from
Perkin-Elmer. Clz400 was from the Molecular Imaging Products Company.
Zeocin, geneticin, and all cell culture media were from Invitrogen. Superfect
transfection reagent was from Qiagen. 10% Tris-HCl ReadyGels were from
Bio-Rad. Renilla luciferase monoclonal antibody (mAb 4400) was from
Chemicon, Living color A.V. peptide antibody was from Clontech, and
a-tubulin monoclonal antibody was from Sigma. BRET2 specific 370 to
450 nm (donor) and 500 to 570 nm (acceptor) filters were from Chroma.
Black box CCD imaging systems (IVIS100 or IVIS200) were from Caliper
( formerly Xenogen). Three- to four-week-old nude mice (nu/nu) were from
Charles River Laboratories.
Plasmid construct. pBRET2 (pCMV-GFP2 -MCS-Rluc) was used as the
template for making BRET vectors. Fusion constructs were made by cloning
single-mutation C124A Rluc, double-mutation C124A/M185V Rluc, or Rluc8
to replace the Rluc donor sequence (these RLuc variants are described
below). The two mTOR pathway proteins, FKBP12 and single FRAP binding
domain (FRB), were PCR amplified and cloned using suitable restriction
enzyme sites from the multiple cloning site of the control vector. All
products were checked by sequencing. All clonal selections were done on
bacto-agar plate with zeocin.
Western blotting. Expression of fusion constructs was verified in
mammalian cells using 293T or HT1080 cells. Twenty-four hours
posttransfection, cells were harvested and lysed on ice using cell lysis
buffer (Cell Signaling). Equal amounts of lysates were run on 10% Tris-HCl
ReadyGels and transferred onto nitrocellulose membrane (Amersham) with
a semidry blotting system. The blots were probed with either Renilla
antibody or Living color antibody to detect RLUC or GFP2, respectively. The
a-tubulin antibody was used as loading control.
Cell culture, transfection, clonal isolation, and luciferase assay.
Human 293T embryonic kidney cells [American Type Culture Collection
(ATCC)] were grown in MEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin solution. The HT1080 human
fibrosarcoma cells obtained from ATCC were grown in DMEM (highglucose) supplemented with 10% FBS and 1% penicillin-streptomycin. Fixed
numbers of cells were plated in 24-well plates in normal growth medium.
Transient transfection was done 24 h later using Superfect reagent. Each
transfection mix consisted of 1 Ag of experimental plasmid along with 0.1 Ag
of pCMV-Fluc plasmid as the transfection control. Stable HT1080 cells
expressing pRluc8 were selected with 500 Ag/mL geneticin, and for pGFP2Rluc, pGFP2-Rluc8, and pGFP2-FRB-FKBP12-Rluc8 plasmids, 350 Ag/mL
zeocin. Cells with highest expression were judged by measuring RLUC
activity using the substrate coelenterazine.
In vitro BRET2 assay. For BRET imaging and ratiometric calculations,
the cells were seeded in equal number (typically 10,000 per well unless
otherwise mentioned) in 48-well plates; 4 to 6 h later, the cells were washed
with Dulbecco’s PBS, with 50 AL of fresh Dulbecco’s PBS then added. Just
before CCD imaging, 50 AL of diluted Clz400 (0.75 Ag/well final
concentration in 48-well format) were added and the plates were placed
inside the black box CCD imaging (either IVIS100 or IVIS200). All scans
were done in luminescent mode using the sequential image acquisition
feature, with 1-min integration times, a binning of 5, and a field-of-view set
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at 15 cm, unless otherwise mentioned. Photon outputs were measured
using 500 to 570 nm and 370 to 450 nm band pass emission filters for GFP2
and RLUC-Clz400 signal measurements, respectively. An hour later, FLUC
signal was collected from individual wells by adding 0.1 Ag of D-luciferin
substrate per well. For single-cell imaging, the field of view was set to 4 cm
by raising the platform. Images were analyzed using LIVING IMAGE v2.5
software (Caliper). For quantitation, regions of interests were drawn over
the respective signals as visualized on the overlay image and mean average
radiance (photons/s/cm2/sr) was computed using the software tools.
Animal imaging of BRET2 expression by using a cooled CCD camera.
An aliquot of 0.5  106 HT1080 cells constitutively overexpressing either
pGFP2-Rluc or pGFP2-Rluc8 was injected s.c. in a set of four nude mice
anesthetized with ketamine/xylazine (4:1). One hour after cell injection,
Clz400 (25 Ag/mouse) diluted in sterile Dulbecco’s PBS (100 AL total
volume) was injected via tail vein (i.v.) and the mice were then imaged
immediately. Mice were scanned using first the GFP2 and then the RLUC
filter, with 2-min acquisitions each. For the deep tissue signal detection
experiment, 2  106 pGFP2-Rluc8–expressing cells were injected via tail
vein in a set of five anesthetized nude mice and a scan was done half
an hour later using a 75 Ag/mouse injection of Clz400. The animals were
placed supine in a light-tight chamber, and a gray-scale photographic
reference image was obtained under low-level illumination. Photons
emitted from implanted cells on mice were collected for 3 min using
specified filter sets.
Statistical testing. Average radiance values were obtained from both cell
culture assays and in vivo mouse experiments by drawing regions of interest
on the images. These values were used for BRET2 ratiometric calculations.
All cell culture and mouse group comparisons were done with two-sided
Student’s t test using Microsoft EXCEL. P < 0.05 was considered statistically
significant.

Results
Quantum-efficient mutant donors show significant improvement in the BRET efficiency. Generation and basic
characterization of Rluc mutations were recently described by
our lab (26). During the course of the study, we tested three of
these mutant variants: (a) single-mutation C124A for increased
stability (referred to as Rluc-C); (b) double-mutation C124A/M185V
for both increased stability and high quantum yield (referred to as
Rluc-M); and (c) combined eight-mutation Rluc8 (incorporating
A55T, C124A, S130A, K136R, A143M, M185V, M253L, and S287L
point mutations) with markedly increased stability and even higher
quantum yield than Rluc-M. These three mutant donors had been
compared with the native Rluc for their luminous properties while
using the native coelenterazine substrate and Clz400. As shown in
Supplementary Table S1, after introduction of the mutations,
marked increases in the activity (photon output) of the Rluc-M and
Rluc8 occur. The most characteristic changes are found while
measuring the quantum yield of RLUC-M and RLUC8 with Clz400,
indicating a key role of the M185V mutation for better utilization of
the Clz400 substrate. Whereas RLUC-M and RLUC8 show only a
1.3-fold improvement in quantum yield compared with the native
luciferase with coelenterazine, with Clz400, this increase in
quantum yield is f28- and f32-fold, respectively. It was also
noticed that in these mutants, the spectral properties are well
maintained with a peak at f482 F 5 nm with coelenterazine and
f400 F 5 nm with Clz400. In addition, for applications that
require long-term monitoring of protein interactions, significant
intracellular stability of RLUC8 should be advantageous for its use
as a BRET donor.
To determine if donors with better quantum efficiencies could
contribute in achieving better acceptor output, fusion plasmids
were made by replacing native Rluc sequence with the mutated
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donor sequences. The plasmids, including the linker (Ser-Gly-SerSer-Leu-Thr-Gly-Thr-Arg-Ser-Asp-Ile-Gly-Pro-Ser-Arg-Ala-Thr), are
otherwise identical to the pGFP2-Rluc plasmid vector (22). The
derived plasmid vectors incorporating Rluc-C, Rluc-M, and Rluc8
mutation sequences are referred to as pGFP2-Rluc-C, pGFP2-Rluc-M,
and pGFP2-Rluc8, respectively. Both GFP fluorescence intensity and
semiquantitative Western blot analysis show equivalent expression
of the intact fusion protein in 293T cells transiently transfected

with pGFP2-Rluc and pGFP2-Rluc8 (Fig. 1A and B). However, in
comparison with the cells expressing GFP2-RLUC, the normalized
donor and acceptor signals obtained by adding the Clz400
substrate show 35- and 80-fold higher signals for the GFP2-RLUC8
fusion and 25- and 40-fold higher signals for GFP2-RLUC-M,
respectively. Following transfection of all the fusion plasmids along
with the donor alone plasmids (e.g., pRluc, pRluc-C, pRluc-M, and
pRluc8) in 293T cells, CCD imaging shows 3.4- and 5.5-fold

Figure 1. Mammalian expression of the
new BRET vectors using Renilla luciferase
mutants as donor. A, fluorescent
photomicrographs of transiently transfected
293T cells expressing either GFP2-RLUC
or GFP2-RLUC8 fusion 24 h after
transfection. B, semiquantitative Western
blot analysis showing donor (RLUC) and
acceptor (GFP2) protein expression in
293T cells transiently transfected with
donor alone and fusion plasmids as
marked. GFP2-Rluc-C, GFP2-Rluc-M, and
GFP2-Rluc8 indicate BRET fusions using
the single-mutation C124A RLUC,
double-mutation C124A/M185V RLUC,
and eight-mutation RLUC8 donors,
respectively. a-Tubulin was used as
loading control. C, the same cells as
mentioned in (B) were plated (10,000 per
well in a 48-well plate) and imaged with a
CCD camera after adding equal amount of
Clz400 substrate in each well. Mean
photon values were determined by drawing
regions of interest over triplicate samples.
The chart represents the normalized
mean BRET ratio (columns ) and RLUC
emission light outputs (line ). Bars, SEM.
D, semiquantitative assessment of BRET
donor and acceptor proteins by Western
blotting in selected clonal populations of
HT1080 cells expressing the fusion
constructs. a-Tubulin was used as a
loading control. After checking the fusion
protein expression in clonal populations,
a fixed number of each cell type was plated
and, within 4 h, CCD camera imaging was
done by adding equal amount of Clz400 in
well plates. Region of interest values from
corresponding wells were plotted as
obtained from image data using either a
donor or acceptor filter. Bars, SEM.
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increases in the BRET ratio following the characteristic gain in
donor signals from RLUC-M and RLUC8 mutant donors (Fig. 1C).
Light emission by proteins expressed from plasmids encoding only
the donor is helpful in determining the bleed through photons with
the GFP2 filter, which was <5% for all constructs. Based on these
results, it is clear that the pGFP2-Rluc8 vector results in the highest
gain in the dynamic range of the BRET signal, and this construct
was therefore selected for further studies.
Mammalian cells constitutively overexpressing the GFP2RLUC8 fusion yield f30-fold higher acceptor light signal than
the GFP2-RLUC fusion. HT1080 human fibrosarcoma cells
constitutively overexpressing either GFP2-RLUC or the GFP2RLUC8 fusion protein were established. Isolated clones were
judged based on semiquantitative Western blotting results
for equivalent expression of each fusion protein (Fig. 1D). After
plating varying numbers of each cell type, CCD imaging was done
following addition of equal amounts of Clz400 substrate. Figure 1D
shows that the component light signals increase proportionately
with cell number. By comparing the acceptor signals between the
two cell lines, it was determined that every GFP2-RLUC8 cell yields
a signal equivalent to 30 GFP2-RLUC–expressing cells. By
comparing the donor signal, each GFP2-RLUC8 cell yields signal
equivalent to f24 GFP2-RLUC cells. By applying decay correction
to the values of donor signal (see Supplementary data) to correct

for signal decay due to the time lapse during scanning, we
determined the BRET ratio as 8.6 F 2.2 for individual cells (n = 5)
expressing GFP2-RLUC8.
Optical CCD camera imaging can spectrally resolve component light signals as a measure of the BRET signal from
individual live cells constitutively overexpressing the GFP2RLUC8 fusion. To address the capability of BRET measurement
from single cells, imaging was done with the established HT1080
cells constitutively overexpressing pGFP2-Rluc, pRluc8, or pGFP2Rluc8 within a few hours after plating. Previously, we reported that
BRET2 component signals can be resolved from f30 cells
transiently transfected with pGFP2-Rluc plasmid (22). Independent
of cell types, this vector does not produce enough signal to allow
individual cells stably overexpressing the GFP2-RLUC fusion to be
resolved, even with the aid of one of the most sensitive cooled CCD
camera imaging system available (IVIS 200). Our results here with
cells stably expressing RLUC8 as well as the GFP2-RLUC8 fusion
(Fig. 2A) show that when the total light output (open filter) is a
combination of two major wavelengths of light, CCD imaging can
spectrally resolve and quantify the component light signals from
individual cells containing these new vectors. For individual cells
expressing GFP2-RLUC8, the average radiance with the GFP2 filter
is 2.5 F 0.3  104 photons/s/cm2/sr at 1 min and with the RLUC
filter is 0.6 F 0.1  104 photons/s/cm2/sr at 3 min following

Figure 2. BRET signal can be spectrally
resolved from mammalian cells expressing
the BRET fusion vector. A, CCD camera
image of a few HT1080 cells stably
transfected with Rluc8 and GFP2-Rluc8
plasmid vector from individual wells of a
96-well plate. Cell imaging was done by
adding Clz400 substrate (0.5 Ag/well)
4 h after plating. Spectral separation of
emission light from individual clonal cells
transfected with native Rluc or GFP2-Rluc
plasmid was not possible. Pseudocolor
scale bar represents luminescence photon
output averaged for the three filters. B, to
confirm the true nature of signals from
individual cells, parallel wells containing
cells were imaged at 3 and 22 h after
plating. As the cells divide over time,
acceptor and donor signal intensities are
doubled. Individual cells of the marked
region of interest (ROI) locations were
photographed with a light microscope after
CCD imaging.
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Figure 3. Localization of BRET signal from subcutaneous and deep tissue structures of a nude mouse implanted with cells constitutively overexpressing
GFP2-RLUC8. A, CCD camera image of a representative mouse implanted with 5  105 GFP2-Rluc cells on the left shoulder (L) and the same number of
GFP2-Rluc8 cells on the right flank (R). The mice were injected with 25-Ag Clz400 substrate via tail vein and imaged using a 2-min image acquisition time. B, CCD
camera image of a representative mouse injected with 2  106 GFP2-Rluc8 cells by tail-vein injection. Thirty minutes later, the mouse was injected with 75-Ag Clz400
and imaged immediately using a 3-min acquisition time. Unlike cells that stably express GFP2-RLUC, both donor and acceptor signals from GFP2-Rluc8 expression
can be measured from the lungs. For both (A) and (B ), images were first captured using the GFP filter followed by the DBC filter after a single injection of Clz400.

addition of Clz400. The photon value obtained with an open filter
image of the same cells captured at 5 min is nearly the same as the
sum of the two component signals.
Further evaluation of single cells was done by allowing cells to
grow in culture and then imaging at different time points with
equal amounts of Clz400 substrate (Fig. 2B). As shown in the
figure, selected region of interest locations were further documented by observing these locations using a light microscope.
The average photon value for well-isolated individual cells at the
3-h time point is 2.8 F 0.3  104 and 0.5 F 0.1  104 photons/s/
cm2/sr with acceptor and donor filters, respectively, which
doubled (7.1 F 0.5  104 and 1.3 F 0.9  104 photons/s/cm2/sr,
respectively) as the cells divide at 22 h. Because these values are
well above background (0.4 F 0.03 104 photons/s/cm2/sr;
P < 0.05), we reasoned that this approach can be extended to
studies monitoring BRET signal from specific protein-protein
interactions in live individual cells.
The RLUC8 mutant donor signal can be noninvasively
monitored in real time from superficial as well as deeper
tissues in living mice. A comparison was done by implanting
5  105 HT1080 cells overexpressing either pGFP2-Rluc or pGFP2Rluc8 plasmids in the same mouse. The average radiance from
pGFP2-Rluc8–expressing cells yields 49 F 8  103 and 1.7 F 0.2 
103 photons/s/cm2/sr with the acceptor and donor filters,
respectively. This is significantly (P < 0.05) higher than the values
of 0.6 F 0.2  103 and 0.9 F 0.1  103 photons/s/cm2/sr,
respectively, obtained from pGFP2-Rluc cells (Fig. 3A). The photon
values obtained from stable HT1080 cells expressing GFP2-RLUC
are close to the background value (0.3 F 0.5  103) and, therefore,
the minimum detectable numbers of these cells should be >5  105.
Further, both GFP and RLUC component light signals from greater
tissue depths were shown to be detectable from lungs by injecting
a minimum of 2  106 HT1080 cells overexpressing GFP2-RLUC8
via tail vein followed by an increased amount of Clz400 substrate
injection (Fig. 3B). The average radiance of GFP signal from cells
that are trapped in the lungs is 22.4 F 0.8  104 photons/s/cm2/sr,
in comparison with a background value from the lower abdomen
of 0.38 F 0.03  103 photons/s/cm2/sr. By turning the filter wheel,
the RLUC8 signals collected in the subsequent minutes yield an
average radiance of 0.37 F 0.1  103 and 0.42 F 0.06  102
photons/s/cm2/sr for the donor and open filters, respectively.
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These results indicate that BRET-specific acceptor signal can be
detected from even a lower number of cells, but due to increased
tissue attenuation of shorter wavelength light, the donor signal
quantitation needed to obtain a true BRET ratio measurement may
be limited in small living subjects at greater depths.
A GFP2-RLUC8 BRET sensor with FKBP12 and FRB as
interacting partners can detect rapamycin-mediated heterodimerization in vivo at picomolar drug concentrations. To
show the advantage of the new BRET vector, we designed a single
vector sensor construct to measure rapamycin-mediated dimerization of the two mTOR pathway proteins, FKBP12 and FRB.
Previously, we have observed that the FRB domain fused to the
COOH terminus of GFP2 and FKBP12 fused to the NH2 terminus
of RLUC successfully show BRET signal as a result of FKBP12 and
FRB interaction in the presence of rapamycin (22). Based on that
observation, a fusion construct was made by placing FRB and
FKBP12 sequences in the linker region of the pGFP2-Rluc8 plasmid
as shown in Fig. 4A. HT1080 cells stably overexpressing the vector
were used for an imaging-based BRET assay. At first, the
rapamycin dose-response results (Fig. 4B) show that a significant
(P < 0.05) increase in the BRET signal can be obtained between
1 and 80 nmol/L of rapamycin, with a peak ratio of 6.8 at
40 nmol/L. Next, the BRET ratio was determined by exposing
cells to 20 nmol/L rapamycin at various time points (Fig. 4C).
Starting from a basal BRET ratio of 1.7 for cells incubated without
rapamycin, the ratio increased significantly (P < 0.05) to a value of
6.1 at 8 h. A few cells were plated and once these cells settled in
isolation, they were exposed to 40 nmol/L rapamycin and imaged
over time, showing that although the growing number of cells at
multiple locations shows donor and acceptor signal increments,
the BRET ratio remains constant independent of cell number
(Fig. 4D). By exposing or withdrawing rapamycin from the culture
medium, we attempted visualization of the reversible nature of
the BRET signal (Fig. 5A). On exposure of cells to 40 nmol/L
rapamycin for 4 h, a BRET ratio of 4.4 is observed. As rapamycin
is withdrawn and cells are maintained in a rapamycin-free
environment, the signal drops significantly over 120 h, with the
BRET ratio dropping to 2.65. When the cells are reexposed to
40 nmol/L rapamycin, a BRET value of 5.7 is observed, which is
significantly above (P < 0.05) the value of 1.8 for cells never
exposed to rapamycin.
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Figure 4. Characterization of a BRET
sensor for testing a small-molecule
dimerizer drug in mammalian cells.
A, diagram showing the BRET vector
construct, where two individual mTOR
pathway protein sequences (FRB and
FKBP12) were cloned between the donor
and acceptor molecules using the specified
amino acid linkers. FKBP12 and FRB
domains dimerize only in the presence of
the small-molecule dimerizer rapamycin,
bringing the acceptor and donor in close
proximity. B, HT1080 cells constitutively
overexpressing the sensor vector were
exposed to measured quantities of
rapamycin for 20 h and then the BRET
signal was quantitated by imaging with the
Clz400 substrate. C, the same cells were
exposed to 40 nmol/L rapamycin and the
BRET signal was measured at various time
points after addition of drug. D, a few cells
were plated in a 96-well black plate and
the BRET signal (line ) was determined
from individual cells or cells dividing over
time, showing that although the acceptor
and donor signals (columns ) increase, the
BRET ratio remains constant (at a specific
drug concentration).

Rapamycin-mediated dimerization of stably overexpressing
heteromeric proteins can be measured from single cells. To
evaluate the utility of the current BRET sensor for rapid screening
of drugs from a minimal number of cancer cells, we attempted
assessment of protein functions by measuring the BRET signal
from individual cells (Fig. 5B). Stably selected HT1080 cells overexpressing the GFP2-FRB-FKBP12-RLUC8 fusion protein were
plated in isolation and exposed to different concentrations of
rapamycin. The cells maintained in culture without rapamycin do
not have interaction of the FRB and FKBP12 domains; therefore,
the acceptor and donor moieties are farther apart, resulting in only
background signal. With increasing rapamycin concentrations,
greater numbers of FRB and FKBP12 domains interact, which
results in a conformational change of the fusion protein, bringing
the acceptor and donor moieties in closer proximity. This leads
to a significant increase of the acceptor signal to levels above
background. We predict that this strategy should be useful for rapid
screening of chemical compounds that function as modulators in
various cellular protein networks.

Cancer Res 2007; 67: (15). August 1, 2007

Discussion
The use of BRET has the potential to significantly increase our
understanding of cellular protein networks, especially as this
method is further improved (27). In addition to taking advantage
of advanced cooled-CCD detector based systems (22, 28), further
improvements in BRET technologies are currently under active
investigations to achieve higher sensitivity and suitability for
measurements in physiologically relevant model systems. In this
study, for the first time, a BRET system is described that can
assess protein interactions with high sensitivity from both live
individual cells and small living animals. In brief, we have tested
donor contributions to the well-known GFP2-RLUC (BRET2)
systems by altering the native Renilla luciferase sequence with
mutations known to increase stability and quantum yield. The
eight mutations leading to RLUC8 have greatly improved the
donor contribution to the acceptor moiety, thereby increasing
the overall sensitivity of the system. This new BRET fusion should
be useful for increasing the overall sensitivity of the BRET system,
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irrespective of the measurement instrument used, leading to
either shorter acquisition times and/or allowing use of lower
substrate concentration and thus minimizing errors in ratiometric
calculations and dependence on decay correction factors of the
donor light.
Conceptually, the Förster distance, R 0 (29), is calculated based
on the following equation:
R0 ¼ 2:11  102  ½2  JðÞ  4  QD 1=6
where j 2 is the relative orientation between the transition dipoles
of the donor and acceptor, J(E) is the overlap integral in the region
of the donor emission and acceptor absorbance spectra (with the
wavelength expressed in nanometers), g represents the refractive
index of the medium, and Q D is the donor quantum yield.
Summarizing the basic concepts of resonance energy transfer, one
can critically relate the rate of energy transfer with the important
variables [j 2, J(E), g, and Q D], of which the Q D dependence is
taken advantage of in the current work. Because of the sixth-root
dependence in the calculation of R 0, small errors or uncertainties
in the value of Q D do not have a large effect on the overall BRET

efficiency. Our results clearly indicate that, as a result of using a
variant of the donor protein with a 35-fold gain in donor quantum
yield, marked improvement in the overall efficiency of the BRET
system results, at least when the acceptor moiety is a variant of
Aequorea GFP. Clz400 has previously been known to result in
extraordinary low light output when used with native RLUC (30),
which stems mainly from poor quantum yield with this substrate
(see Supplementary Table S1). Previous work in our laboratory
using a strategy of consensus sequence–based semi-rational
mutagenesis of Renilla luciferase resulted in identification of
mutations that greatly increased the quantum yield of Renilla
luciferase (26), especially when used with Clz400. During this study,
we picked these previously identified variants of Renilla luciferase
as BRET donors to verify the Q D dependence of the BRET signal,
while obtaining a photon-efficient BRET vector. Among the vectors
generated, as the RLUC8 protein is f1 order of magnitude more
stable than RLUC in the cytoplasmic environment, use of the
double-mutation RLUC (C124A/M185V) as a BRET pair with GFP2
could be useful for applications where stability of the donor protein
is not preferred. The BRET vector using RLUC8, which exhibits
increased stability and a 60-fold improvement in light output

Figure 5. CCD camera images of
individual HT1080 cells constitutively
overexpressing the GFP2-FRB-FKBP12Rluc8 fusion in the presence or absence of
rapamycin. A, HT1080 cells expressing the
GFP2-FRB-FKBP12-RLUC8 fusion were
also used to determine the reversible
nature of the BRET signal. Positive control
(dark dotted line ) cells were constantly
incubated in medium containing 40 nmol/L
rapamycin and negative control
(light dotted line ) cells were incubated
in normal medium. The experimental
cells (solid line ) were first incubated in
rapamycin (40 nmol/L)–containing medium
for 4 h, imaged, and then maintained in
rapamycin-free medium until the signal
dropped significantly (120-h scan time
point). After imaging at this time point,
the cells were reexposed to rapamycin
(40 nmol/L) for 5 h and imaged again
showing increased BRET signal. B, a
96-well plate containing a few stably
selected HT1080 cells expressing the
GFP2-FRB-FKBP12-RLUC8 fusion were
subjected to different doses of rapamycin
as marked and imaged using a CCD
camera 4 h after plating. Individual cells
were below detectable threshold with the
substrate concentration (0.5 Ag/well) and
the CCD integration time (1 min) used.
With increasing drug concentration, as the
interacting partners dimerize, the BRET
partners come in closer proximity, leading
to a higher BRET signal and thus enabling
detection of BRET-specific GFP signal
from individual cells. Pseudocolor scale bar
represents the average luminescence
photon output.
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with the Clz400 substrate, results in the highest improvement in
the BRET signal. Previously, we attempted BRET signal detection
from mouse models (22) using a GFP2-Rluc vector and observed
that both the minimum numbers of detectable cells and the
required image acquisition time were relatively high. The current
BRET vector has shown significant improvements to overcome
each of these limitations, with significantly lower number of
cells constitutively overexpressing the BRET partners needed
for detectability and/or reduced scan times. Furthermore,
improvements were also observed for imaging the BRET signal
from deep tissue structures, where both robust acceptor signal
and attenuated emission donor signal were captured from the
lungs.
Transfection of mammalian cells with the GFP2 fusion plasmids
using Rluc-M and Rluc8 as the donors, in comparison with the
native Rluc-containing fusion plasmid, confirms that significantly
higher (25- and 35-fold, respectively) donor light output is
translated into higher acceptor light output. Interestingly, the fold
gain in observed acceptor light output from the GFP2-Rluc-M and
GFP2-Rluc8 constructs is even higher (40- and 80-fold, respectively),
resulting in 3.3- and 5.5-fold increases in the BRET ratio,
respectively. Further, by comparing the light signals from stable
HT1080 cells with equivalent expression of the donor and acceptor
proteins, each cell that expresses GFP2-RLUC8 shows f24-fold
higher donor signal and 30-fold higher acceptor signal in
comparison with GFP2-RLUC–expressing cells. Considering results
from stable cells as less error-prone, these results clearly indicate
that the increased donor quantum yield does make a significant
difference in BRET acceptor signal.
By using the GFP2-Rluc8 vector, we attempted live cell imaging
of single cells directly from culture dishes by diluting the HT1080
stable cells to very low densities. The results indicate that both
donor and acceptor signals from individual cells are much higher
than the background signal and thus can be spectrally resolved.
Previously, single-cell imaging of bioluminescent light has been
attempted using microscopes with an attached CCD (31, 32),
where the resultant luminescence signal comes from a direct
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