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Identifying protein–protein interactions (PPIs) is essential for un-
derstanding various disease mechanisms and developing new
therapeutic approaches. Current methods for assaying cellular in-
termolecular interactions are mainly used for cells in culture and
have limited use for the noninvasive assessment of small animal
disease models. Here, we describe red light-emitting reporter sys-
tems based on bioluminescence resonance energy transfer (BRET)
that allow for assaying PPIs both in cell culture and deep tissues
of small animals. These BRET systems consist of the recently de-
veloped Renilla reniformis luciferase (RLuc) variants RLuc8 and
RLuc8.6, used as BRET donors, combined with two red fluorescent
proteins, TagRFP and TurboFP635, as BRET acceptors. In addition
to the native coelenterazine luciferase substrate, we used the syn-
thetic derivative coelenterazine-v, which further red-shifts the emis-
sion maxima of Renilla luciferases by 35 nm. We show the use of
these BRET systems for ratiometric imaging of both cells in culture
and deep-tissue small animal tumor models and validate their ap-
plicability for studying PPIs in mice in the context of rapamycin-
induced FK506 binding protein 12 (FKBP12)-FKBP12 rapamycin bind-
ing domain (FRB) association. These red light-emitting BRET systems
have great potential for investigating PPIs in the context of drug
screening and target validation applications.
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Protein–protein interactions (PPIs) are a prerequisite to most
cellular processes, and their pharmacologic control offers

promising avenues for therapeutic intervention in a variety of dis-
eases (1). Developing techniques to identify and analyze these
transient protein–protein associations is, therefore, of high im-
portance. Several methods are available to investigate PPIs in vitro
and in cell culture (2, 3). However, ex vivo analysis of interacting
proteins neglects the intricate effects of physiologic and patho-
physiologic stimuli that occur in the native microenvironment
within living organisms. Similarly, in vitro drug validation ignores
the pharmacokinetic properties of prospective pharmacophores.
To investigate PPIs in their actual biological context, imaging
technologies that enable direct translation of cell culture assays to
deep tissues of living subjects are required. Current approaches for
monitoring PPIs rely on the two-hybrid system (4), FRET (5), split
reporter protein complementation and reconstitution (6–8), and
bioluminescence resonance energy transfer (BRET) (9–11). Be-
cause most of these PPI detection schemes are optical approaches,
signal attenuation by tissues constitutes the primary impediment for
studying PPIs in animal models, and it results in low sensitivity for
these assays, especially in the context of deep-tissue tumor models.
Bioluminescence-based methods hold particular promise for

imaging of PPIs in small living subjects (12, 13). Although both
BRET and FRETdetection schemes rely on the Förster resonance
energy transfer mechanism (14), BRET systems provide enhanced
sensitivity in living subjects, because autofluorescence, photo-
bleaching, and tissue attenuation associated with fluorophore ex-
citation are absent. Split luciferase complementation systems are

advanced designs for in vivo investigation of PPIs. The luciferase
fragments are nonfunctional in the absence of protein association;
when the proteins interact, the luciferase regains its reporter
function and generates a bioluminescent turn-on signal. However,
BRET probes could potentially offer several advantages over split
luciferase for interrogating PPIs in living subjects. First, the higher
light output of BRET translates into enhanced sensitivity for small
animal imaging; generally, split luciferases after complementation
exhibit only 20–50% of the activity of corresponding intact lucif-
erase (15). Second, BRET enables real-time two-color ratiometric
measurements. Third, false-negative signals associated with mis-
folding of the reconstituted protein and false-positive signals aris-
ing from nonspecific association of the split fragments are signif-
icantly reduced for BRET relative to split protein reporters.
Standard BRET systems consist of a luciferase, which in the

presence of its bioluminogenic substrate, acts as a resonance energy
donor, and a fluorescent protein, which is the resonance energy
acceptor. To successfully translate a BRET assay from cell culture
to living subjects, it is critical that the BRET system is characterized
by efficient energy transfer, excellent spectral resolution, a BRET
donor with high bioluminescence quantum yield, and a red light-
emitting BRET acceptor. Current BRET systems emit light mostly
in the green to yellow region of the visible spectrum (510–570 nm),
rendering them suboptimal for imaging in living subjects. Examples
of such systems include BRET1 (16) and BRET2 (17), which
consist of the donor Renilla reniformis luciferase [RLuc; λem = 480
nm for coelenterazine (CLZ) and λem = 395 nm for DeepBlueC]
paired with either YFP (λex/λem = 514/530 nm) or GFP (λex/λem =
400/510 nm), respectively. Firefly luciferase (λem = 565 nm) com-
bined with the red fluorescent protein (RFP) DsRed (λex/λem =
558/583 nm) provides a red-shifted signal; however, this system
lacks sensitivity and spectral resolution (18, 19).
Recently, our laboratory has developed a red-shifted BRET

system (BRET3) with improved spectral properties (11). BRET3
uses an improvedRLuc variant,RLuc8 (20) (λem=480 nm forCLZ
substrate), as the BRET donor and mOrange (λex/λem = 548/564
nm) as theBRET acceptor protein. Because of its excellent spectral
resolution (Δλem = 85 nm) and red-shifted emission (λem = 564
nm), BRET3 is currently the most promising BRET system for
deep-tissue imaging applications (11). However, the significant
tissue attenuation of light emitted at wavelengths < 600 nm (21)
limits the application of the BRET3 system to superficial tumors.
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Here, we describe the development and characterization of greatly
improved red light-emitting BRET systems that enable ratiometric
measurements in livingmice and showunprecedented performance
for deep-tissue imaging. Moreover, using these improved BRET
systems, we were able to successfully image the drug-mediated in-
teraction betweenFK506binding protein 12 (FKBP12) andFKBP12
rapamycin binding domain (FRB) in deep tissues of living mice.

Results
Design of Red Light-Emitting BRET Systems.Great efforts have been
made in the recent years to obtain brighter, more stable, and red-
shifted mutants of the native luciferases (20, 22, 23). The RLuc
mutants RLuc8 and red-shifted RLuc8.6 have been previously
developed in our laboratory (20). Using these RLuc variants as
donors, we generated a series of BRET systems with TagRFP (24)
and TurboFP635 (25) as acceptors, two RFP variants that are
derived from the WT RFP of the sea anemone Entacmaea
quadricolor. These fluorescent proteins are excellent BRET
acceptors because of their red light emission (λex/em = 555/584
and 588/635 nm, respectively) and have superior photophysical
properties maintained in fusion constructs. In addition to the
native CLZ substrate, we used the synthetic luciferases substrate
CLZ-v (26–28), which further red shifts the emission maxima of
RLuc8 and RLuc8.6 by 35 nm. This additional emission red shift
allows for fine tuning of the spectral overlap between the donor
emission and acceptor excitation for our BRET systems.

Characterization of the BRET Systems in Cultured Cells. We con-
structed BRET fusion proteins to mimic the on-state of a BRET
sensor system by fusing either RLuc8 or RLuc8.6 luciferases to the
acceptors TagRFP or TurboFP635 through an 18-aa spacer (Fig.
1). We created HT1080 cells stably expressing these BRET fusion
proteins and confirmed protein expression byWestern blot analysis
(Fig. 2A). Cells expressing the donor proteins RLuc8 or RLuc8.6
served for comparison and allowed for subtraction of donor-alone
signal when calculating BRET ratios. Bioluminescence measure-
ments of reporter cells were performed using appropriate filters,
with 20-nm bandwidths for donor and acceptor emission maxima.
These measurements provided quantitative assessment of energy
transfer efficiency for all BRET systems (as fusion constructs) by
calculating the BRET ratio. BRET ratio is defined as the ratio of
acceptor and donor bioluminescence emission (A/D) from which
A/D obtained with donor alone (RLuc8 or RLuc8.6) is subtracted
to account for the spectral overlap of the donor and acceptor
emissions (Eq. S1).
To ensure that both donor and acceptor proteins maintain their

characteristics as part of the BRET fusion constructs, we mea-
sured their spectral properties in the 460–720 nm range by bio-
luminescence imaging of cells using an IVIS-200 imaging system

equipped with 20-nm bandwidth filters. Fusion of the donor and
acceptor proteins induces no significant change to the spectral
signature of these proteins (Fig. 2B and Fig. S1). As anticipated,
the emission maximum of cells expressing BRET6 was red-shifted
to 640 nm (emission of TurboFP) relative to the 540-nm RLuc8.6
signal (Fig. 2B). The BRET ratios for BRET4.1 (0.55 ± 0.02),
BRET5 (0.59 ± 0.04), and BRET 6 (0.58 ± 0.02) (Fig. 2C), in-
dicated similar energy transfer efficiencies. BRET6.1 (0.78 ±
0.04) showed slightly higher BRET efficiency than BRET6 but
comparable with that of previously reported BRET3 (0.79 ±
0.01). In contrast, the use of CLZ-v (BRET3.1) provided a slightly
lower BRET ratio (0.74 ± 0.02) than BRET3 in accordance with
lower spectral resolution. Additionally, the calculated BRET ra-
tios were independent of cell number in the given experimental
setting, showing the ratiometric characteristic of the measure-
ments (Fig. 2D). These results revealed that BRET6 and
BRET6.1 systems hold the greatest potential for in vivo applica-
tion because of their high BRET efficiencies, unprecedented red
wavelength emission (640 nm), and high spectral resolution (100
and 65 nm, respectively).

Deep-Tissue Imaging in Living Mice Using Red Light-Emitting BRET
Systems. We performed bioluminescence imaging experiments in
living mice to investigate the potential of the developed BRET
systems to report PPIs in deep tissues. HT1080 cells expressing
the BRET fusion proteins were injected through the tail vein in
living mice to accumulate predominantly in the lungs and sub-
sequently, were imaged using open and 20-nm bandwidth donor
and acceptor filters (Fig. 3 A and B). Acceptor–donor emission
ratios obtained from mice experiments using both BRET6 and
BRET6.1 were 4.2 ± 0.4- and 2.7 ± 0.4-fold higher (P < 2 × 10−8),
respectively, than the A/D values obtained from measurements
with the corresponding donor protein alone (Fig. 3C), revealing
that BRET signal can be monitored in living mice with high
sensitivity. In vivo BRET (ivBRET) ratios were calculated by
subtracting the corresponding donor contributions (Fig. 3D). The
ivBRET ratios for BRET6 (14 ± 2) and BRET6.1 (24 ± 3) were
significantly higher (P < 1 × 10−7) than those ratios of the BRET3
(0.45 ± 0.04) and BRET3.1 (0.95 ± 0.09) systems. The increase in
ivBRET ratio was only minimal for BRET5 relative to BRET3.1;
BRET4.1 provided an ivBRET ratio similar to BRET3 (Figs. S2
and S3). These findings show that our red light-emitting BRET
systems (BRET6 and BRET6.1) have enhanced sensitivity for
imaging in deep tissues, giving a brighter signal on all filters, in-
cluding open filter, than BRET3 or BRET3.1, although the pro-
tein expression level of the mOrange-RLuc8 fusion protein was
actually higher than the level of the TurboFP635-RLuc8.6 (Fig.
2A). This finding underlines the importance of red light-emitting
systems for monitoring PPIs in living subjects.

Fig. 1. Schematic representation of the BRET fusion constructs used in this study. The bioluminescence spectra illustrate the emission spectra of the RLuc
mutants and the red fluorescent acceptor proteins. All constructs contained an 18-aa linker inserted between the donor and acceptor proteins. Luciferase
substrates used in each case were either CLZ or CLZ-v as indicated. Spectral resolution of each system is marked as a bidirectional arrow.
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The BRET ratios for BRET6 and BRET6.1 measured in mice
experiments largely differ from the BRET ratios obtained in
cultured cells. This discrepancy is a result of the considerably
higher tissue attenuation of shorter-wavelength light compared
with longer-wavelength light (especially >600 nm), which is
mainly associated with hemoglobin absorption (21). The different
attenuation coefficients lead to an apparent increase of the BRET
ratios in mice studies (Discussion). To confirm that the BRET

ratio remains constant between cultured cells and mice, we ana-
lyzed the imaging results using the double ratio (DR) method,
which partially corrects for signal attenuation (29, 30). The
resulting DR is a dimensionless parameter independent of the
total attenuation coefficient (Eq. S2). DRs of similar values were
obtained for experiments performed in mice (0.95 ± 0.09 for
BRET3.1 and 2.7± 0.4 for BRET6.1) and cell culture (0.74± 0.02
for BRET3.1 and 2.08 ± 0.07 for BRET6.1). All BRET ratios and

Fig. 3. Performance of the BRET systems for deep-tissue imaging in mice. (A and B) Representative bioluminescence images of HT1080 cells stably expressing
BRET fusion proteins accumulated in the lungs of nude mice. Cells (3 × 106 in 150 μL PBS) were injected through the tail vein, resulting in significant trapping
in the lungs. Mice were injected through the tail vein with luciferase substrate at 1.5 h after cell injection and imaged using sequentially open/donor/acceptor
filters. Mice from (A) BRET3.1 (n = 10) and (B) BRET6.1 (n = 10) groups are shown. Average radiance from the thorax region was measured and used for
calculating the BRET ratios. Substrate-only control mice (n = 5) were used for background subtraction. CLZ-v substrate was used. (C) Average A/Ds for BRET6,
BRET6.1, RLuc8.6 (CLZ), and RLuc8.6 (CLZ-v) calculated from mice imaging experiments. *P = 3.1 × 10−9; **P = 3.5 × 10−10. (D) Average BRET ratios obtained
from imaging of mice injected i.v. with cells expressing various BRET fusion proteins. A/D from mice injected with donor-only cells (RLuc8 or RLuc8.6) was
subtracted. *P = 1.1 × 10−8; **P = 7.7 × 10−9. (E and F) Average A/Ds calculated from bioluminescence imaging of mice injected with increasing number of
cells expressing either RLuc8.6 (n = 4 for each cell number) or BRET6.1 cells (n = 4 for each cell number). CLZ-vwas used as substrate. The dotted line represents
the linear fit for the data points. Error bars = SEM.

Fig. 2. Characterization of the designed BRET systems.
(A) Western blot analysis of protein expression for all
BRET fusions and donor-only proteins contained in
lysates of HT1080 cells stably expressing the reporter
proteins. (B) Spectral imaging of HT1080 cells express-
ing either RLuc8.6 or BRET6 using 20-nm filers in the
460–720 nm range. EnduRen luciferase substrate was
used for this experiment. Error bars = SD. (C) BRET ra-
tios of the newly designed systems measured in cell
culture. HT1080 cells (6.4 × 104), stably expressing each
of the BRET fusion and donor-only proteins (RLuc8 or
RLuc8.6), were plated in black 96-well plates and im-
aged on the addition of CLZ or CLZ-v. The graph shows
the average BRET ratios calculated as the A/D of the
BRET system minus the A/D of donor-only cells. (D) BRET
ratios calculated for the BRET6 system using various
number of HT1080 cells. Experiments were performed
as described in C. The dotted line represents the linear
fitting for the data points. Error bars = SEM.
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DRs are summarized in Table 1. This agreement between the cell
and mice DRs reveals that the mice imaging experiments are
ratiometric in nature and that BRET imaging experiments can be
confidently performed in deep tissues.
Moreover, the A/D measured in mice is independent of the

reporter cell number (total bioluminescence signal) for both
BRET6.1 (Fig. 3E) and RLuc8.6 (Fig. 3F) as long as the level of
donor signal exceeds the background signal associated with spon-
taneous chemiluminescence of CLZ by at least twofold. The
BRET6 system seems to reach the detection limit for <7.5 × 105

injected cells as indicated by the elevated error bars (Fig. 3E). These
findings support that quantitative ratiometric measurements can be
performed in living mice using the BRET systems described here.

Monitoring Rapamycin-Induced FRB-FKBP12 Association in Living Cells
Using BRET6. The imaging results obtained with the BRET6 fusion
system in mice suggest that this system could provide the required
sensitivity for reporting drug-mediated PPIs both in cells and

living subjects. To validate the potential of BRET6 for imaging
PPIs, we constructed a genetically encoded bimolecular FRB/
FKBP12 sensor consisting of FRB-RLuc8.6 and FKBP12-Tur-
boFP635 fusion fragments, whose association is under the control
of the macrolide rapamycin. The rapamycin-mediated molecular
interaction between the 11-kDa FRB domain of the mammalian
target of rapamycin (mTOR) and the 12-kDa FKBP12 has been
extensively characterized (31) and is a standard proof of principle
system for PPIs assays (8, 32, 33). Rapamycin-induced interaction
of FRB and FKBP12 juxtaposes the donor RLuc8.6 and acceptor
TurboFP635, eliciting efficient energy transfer measurable as
BRET signal (Fig. 4A). Our sensor constructs contained both
donor and acceptor proteins at the C terminus of the binding unit
(FRB-RLuc8.6 and FKBP12-TurboFP635). A schematic repre-
sentation and mechanism of detection are shown in Fig. 4A. To
characterize this BRET6 FRB/FKBP12 sensor in intact cells, we
created HT1080 cells constitutively expressing both sensor sub-
units. The fusion proteins expression of the sensor components
was confirmed by Western blot analysis (Fig. S4). Incubation of
HT1080 cells expressing the BRET6 sensor with increasing con-
centrations of rapamycin generated a strong BRET signal, having
higher acceptor to donor ratios than cells treated with carrier
control. This result shows that the two components of BRET6
sensor, FRB-RLuc8.6 and FKBP12-TurboFP635, are brought
together by the assembly of FRB and FKBP12 in the presence of
rapamycin, eliciting BRET. The dependence of the BRET signal
on rapamycin concentration followed a dose–response curve with
an EC50 value of 0.7± 0.2 nM and amaximumBRET induction of
1.9-fold for rapamycin concentrations above 5 nM (Fig. 4B).
Moreover, we verified the specificity of the BRET6 sensor by
inhibiting the effect of rapamycin on the BRET6 sensor by the

Table 1. Comparison of BRET ratios and DRs obtained from cell
culture and mice imaging experiments

BRET ratio DR

BRET system Cell culture Mice Cell culture Mice

BRET3 0.79 ± 0.01 0.45 ± 0.04 2.76 ± 0.04 2.5 ± 0.2
BRET3.1 0.74 ± 0.02 0.95 ± 0.09 1.86 ± 0.03 2.9 ± 0.2
BRET6 0.58 ± 0.02 14 ± 2 2.43 ± 0.07 4.2 ± 0.4
BRET6.1 0.78 ± 0.04 24 ± 3 2.08 ± 0.07 2.7 ± 0.4

Values are given as mean ± SEM.

Fig. 4. Characterization of the genetically encoded FRB-FKBP12 BRET6 sensor. (A) Schematic illustration of the BRET6 sensor for monitoring the rapamycin-
induced FRB-FKBP12 association. (B) Rapamycin dose–response curve for BRET6 FRB-FKBP12 sensor in HT1080 cells. HT1080 cells (1 × 105) expressing both FRB-
RLuc8.6 and FKBP12-TurboFP635 sensor components were plated in black 24-well plates and incubated with increasing concentrations of rapamycin. After
6 h, the plates were imaged using donor- and acceptor-specific filters on an IVIS-200 imager. A/Ds were calculated and plotted against rapamycin concen-
tration. The data were fitted to a sigmoidal curve fitting (EC50 = 0.7 ± 0.2 nM); error bars = SD. (C) Inhibition of rapamycin-induced FRB-FKBP12 association by
FK506. HT1080 cells (1 × 105) were incubated for 6 h with rapamycin (0, 0.5, and 1 nM) and with and without FK506 (10 μM), and they were imaged as
described above. A/Ds were calculated for each condition; error bars = SD. *P = 2.2 × 10−3; **P = 4.1 × 10−3. (D) Representative bioluminescence images of
HT1080 cells stably expressing FRB-FKBP12 BRET6 sensor accumulated in the lungs of nude mice. Cells (3 × 106 in 150 μL PBS) were injected through the tail
vein, resulting in significant trapping in the lungs. One group of mice (n = 8) was injected 2 h before cell injection with 40 μg rapamycin dissolved in 20 μL
DMSO and further diluted in 130 μL PBS administered through the tail vein. A second group of mice (n = 8) was injected with DMSO (20 μL in 130 μL PBS). Two
hours after cells injection, the mice were injected i.v. with CLZ luciferase substrate and sequentially imaged using open/donor/acceptor filters. Substrate-only
control mice (n = 4) were used for background subtraction. (E) Average A/D values for BRET6 FRB-FKBP12 sensor (rapamycin and DMSO-treated groups) and
donor-only FRB-RLuc8.6 calculated from mice lung-trapping model imaging experiments; error bars = SEM. *P = 1.7 × 10−4; **P = 2.7 × 10−4.
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addition of FK506, an FKBP binding compound known to com-
pete with rapamycin for FKBP12/FRB interactions (34). A/D
calculations revealed that FK506 majorly perturbs the rapamycin-
induced FRB/FKBP12 associations in BRET6 sensor cells treated
with 1 nM rapamycin by 68% and cells treated with 0.5 nM
rapamycin by 75% (Fig. 4C). These findings show that the ob-
served BRET signal is caused by a specific molecular interaction
between FRB and FKBP12 and indicate that our bimolecular
FRB/FKBP12 BRET6 sensor performs well in cultured cells.

Imaging Rapamycin-Induced FRB-FKBP12 Association in Living Mice.
Next, we investigated if our red light-emitting BRET6 sensor
enables monitoring the rapamycin-induced FRB/FKBP12 asso-
ciation in deep tissues of living mice. We created HT1080 cells
expressing both sensor subunits (FRB-RLuc8.6 and FKBP12-
TurboFP635) and injected them through the tail vein in nude
mice, which led to cell trapping in the lungs. We imaged two
groups of mice with 20-nm bandwidth donor (540 nm) and
acceptor-specific filters (640 nm) (Fig. 4D). One group of mice
received rapamycin through the tail vein (n = 8), and a control
group was treated with DMSO (n = 8). An additional group of
mice (n = 8) was injected with cells expressing only the FRB-
RLuc8.6 donor fragment of the sensor. Representative images of
mice treated with rapamycin and DMSO control are shown in
Fig. 4D. We calculated A/Ds for all three groups of mice. The
results show a clear BRET signal induction based on the high
differences in A/Ds obtained between the rapamycin-treated
group and the two control groups (Fig. 4E). On average, the
rapamycin-treated mice gave 2.4-fold higher A/Ds than the donor-
only (FRB-RLuc8.6) control group (P < 3 × 10−4). Moreover, no
BRET activation was detected for theDMSO-treatedmice control
group (Fig. 4E); the A/D was 2.1-fold higher for the rapamycin-
treated group than for the DMSO-treated group (P < 2 × 10−4).
These results show that specific rapamycin-induced FRB/FKBP12
interactions can be monitored with high sensitivity in deep tissues
of mice. The DR obtained from the mice imaging experiments
against the DMSO control (2.1 ± 0.3) is within error range of the
DR obtained from the rapamycin-induction experiments in cell
culture (1.9 ± 0.04). This finding suggests that our measurements
are ratiometric and that BRET signal achieves maximum fold in-
duction in both intact cells and mice experiments. Overall, these
results underline the advantage of the red light-emitting BRET
systems for imaging of PPIs in deep tissues of living subjects.

Discussion
BRET technology offers a straightforward genetically encoded
approach to ratiometric imaging of PPIs in cells and living subjects.
Being a bioluminescence-based technique, which is excitation- and
autofluorescence-free, BRET imaging rapidly extended to studies
in living subjects. The ratiometric character of BRET imaging
eliminates the need of introducing a second reporter for internal
referencing, which is normally needed for split luciferases systems.
Previous BRET systems were mainly limited to cell culture assays
and s.c. tumors because of their green to yellow light emission,
which is strongly absorbed by blood in the highly vascularized
tissues of living subjects. Owing to their red light emission, the
BRET systems presented here expand the scope of BRET tech-
niques to imaging with high sensitivity in deep tissues of small
animals. We have paired red-shifted RLuc variants as BRET
donors with suitable RFPs (TagRFP or TurboFP635) based on
spectral overlapping. The obtained BRET constructs showed high
BRET efficiencies in cell culture and provided ratiometric BRET
measurements in living mice.
Light attenuation by tissue constitutes the major difficulty for

ratiometric analysis of PPIs by a BRET system. Light attenuation
varies with the wavelength of the emitted photons and the depth
of the tissue, making the A/D (and ivBRET) a complex function
of the emission spectra of the donor and acceptor and spatial
localization of the reporter protein. Indeed, the A/Ds and con-

sequently, the ivBRET ratios obtained with BRET6 and BRET6.1
were significantly higher in the mouse deep-tissue model than in
cell culture, which is in agreement with lesser tissue attenuation
of the light emitted at 640 nm (acceptor) than at 540 nm (donor).
However, we have observed excellent consistency of the ivBRET
ratio among different mice, showing that our lung cell-trapping
model offers sufficient spatial control to retain the ratiometric
characteristic of a BRET sensor. Furthermore, when calculating
the turn-on ratios for the BRET systems (DRs), the signal at-
tenuation factors cancel out (using the approximation that the
attenuation coefficients are constant throughout the entire thorax
area and are the same among mice), and these DR values should
remain constant, independent of tissue depth. This hypothesis is
confirmed by the similar DRs measured for the BRET systems in
mice and cells. We observed that DR values obtained in cell
culture and mice vary to some extent (although they are close in
value), mostly because the DR correction is unable to account for
all attenuation and scattering factors. For example, to calculate
a dimensionless DR, we assumed that the attenuation coefficient
is constant for all mice and identical over the entire thorax area;
this approximation introduces a certain degree of inaccuracy in
the calculated DR values. Nevertheless, the A/Ds used to calcu-
lated the DRs remained in a near margin of the error for dif-
ferent mice, and we show that they are independent of the
number of reporter cells used (total light output), indicating that
ratiometric measurements can be performed in deep tissues of
mice. The DR method provides a depth-independent measure of
the BRET signal; however, both donor and acceptor signals used
to calculate the DRs decrease with tissue depth. To alleviate
some of these tissue attenuation differences, one can further
improve the BRET6 system by using both donor and acceptor
proteins emitting at wavelengths >600 nm. This parameter could
be realized, for example, by pairing the click beetle red luciferase
(CBR; λem = 615 nm, D-luciferin) with the newly developed near-
IR fluorescent protein eqFP670 (λex/em = 605/670 nm) (35).
To show the potential of these BRET systems for monitoring

PPIs in deep tissues of small animals, we generated a bimolecular
FRB/FKBP12 system of BRET6, which acts under the control of
rapamycin. Our sensor represents a model of a drug-mediated as-
sociation of two proteins, and we successfully imaged this PPI in
deep tissues of mice. The BRET6 FRB/FKBP12 sensor non-
invasively reports the rapamycin-induced interaction, which is
shown by a significant increase of the A/D in the presence of
rapamycin relative to control experiments. This effect is equally
detectable in cultured cells andmice with similarDRs. Blocking the
rapamycin effect in cells using the well-known inhibitor FK506, we
showed, under cell culture conditions, that the observed ratiometric
difference reflects a specific interaction betweenFRBandFKBP12.
Owing to its ability to detect specific interactions in living mice,

the BRET6 system provides a valuable platform to monitor PPIs
in their native environment. The red-shifted BRET6 sensor can
potentially be translated to study PPIs in other cancer models in
small animals, especially in mice. Our BRET6 sensor could also
be used for BRET imaging in highly vascularized tissues such as
the liver; however, further optimization of the reporter’s bright-
ness in the desired cells expressing the BRET sensor may be
needed to balance for the higher tissue attenuation in the liver. If
necessary, wider (50-nm) donor/acceptor bandpass emission fil-
ters can be used to increase the signal output.
The ratiometric characteristic of BRET approaches allows for

drug screening and mechanism/target validation directly in living
subjects. The BRET6 system also compares favorably with other
systems for imaging PPIs. For example, a split luciferases system
(split CBR), with emission maxima at 615 nm, has been recently
reported (36). This system could also enable PPIs imaging in small
animal models; however, the reassembled CBR luciferase exhibits
a relatively low light output, which may be insufficient for appli-
cations requiring sensitive detection of PPIs in deep tissues. A di-
rect comparison between the red light-emitting BRET system and
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the red light-emitting split luciferase system remains to be assessed.
Nonetheless, our red light-emitting BRET systems are optimized
for deep-tissue imaging and represent an unprecedented develop-
ment of RET technologies to monitor PPIs directly in disease
models in living subjects.

Materials and Methods
Plasmid construction, cell culturing, transfection, clonal isolation, and
Western blot analysis protocols are described in SI Materials and Methods.

Bioluminescence Cell Spectral Imaging. HT1080 cells expressing various BRET
fusion proteins and RLuc8 or RLuc8.6 were plated in 96-well plates in in-
creasing variable numbers (200–60,000). After 24 h, the luciferase substrate
(2 μg/well), CLZ (Nanolight Technology), or CLZ-v (Promega) was added. Cells
were imaged immediately after the addition of substrate using an IVIS-200
or IVIS-Spectrum imaging system equipped with a cooled charge-coupled
device camera (Caliper). Sequential imaging was performed using open/
donor/acceptor/open filters. Spectral imaging was performed from 460 to
720 nm in 20-nm increments (each spectral filter used spans for 20-nm
wavelength and is denoted by the midpoint); when EnduRen (Promega) was
used as substrate, it was added 4 h before imaging. Regions of interest were
drawn over each well for all filter sets, and the average radiance was de-
termined. The equations used for calculating BRET ratios and DRs are pro-
vided in SI Materials and Methods.

Rapamycin-Induced FRB-FKBP12 Association in Cell Culture. HT1080 cells stably
expressing BRET6 FRB/FKBP12 sensor were plated in black 24-well plates (5 ×
104 cells/well) and incubated overnight under standard culture conditions.
Next day, rapamycin in increasing concentrations was added (0–200 nM)
together with EnduRen. Cells were imaged after 6 h as described above. The
same protocol was used for the FK506 inhibition experiment; in addition,
some cells were treated with 10 μM FK506 (Cell Signaling Technology).

Bioluminescence Animal Imaging. All animal handling was performed in ac-
cordance with Stanford University’s Animal Research Committee guidelines.
HT1080 cells constitutively overexpressing a BRET fusion protein, RLuc8 or
RLuc8.6, were trypsinized, pelleted, and resuspended in PBS at 3 × 106 cells in
150 μL. The PBS cell suspension was injected through the tail vein in a set of
anesthetized (2% isoflurane oxygen) female nudemice (Nu/Nu; Charles River).
After cell injection, mice were removed from the anesthesia. CLZ or CLZ-v (35
μg/mouse) diluted in PBS (150 μL total volume) was injected through the tail
vein 1.5 h after cell suspension injection.Mice were imaged immediately using
an IVIS-200 or IVIS-Spectrum equipped with a charge-coupled device camera.
Imaging was performed in sequence luminescence scan mode using either
open or 20-nm bandwidth spectral filters appropriate for each donor/acceptor
system, with 1 min acquisition time at each filter. Regions of interest were
drawn over the mice lungs area for each image. The signal from control mice
injected onlywith the luciferase substratewas subtracted from the total signal.
All datawere analyzed using Living Image 3.1 software. For experiments using
various cell numbers of reporter cells, imaging was preformed as described
above. Although the reporter cell numberwas varied, the total number of cells
injected in mice was kept constant (3 × 106) by adding regular HT1080 cells.
Detailed procedures for imaging the rapamycin-induced FRB/FKBP12 in-
teraction in mice are given in SI Materials and Methods.

Statistical Analysis. All cell culture and mice group comparisons were per-
formed using the Student t test (two-sided and paired). Values of P < 0.01
were considered statistically significant.
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