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Bioluminescence resonance energy transfer (BRET) is an important tool for monitoring macromolecular
interactions and is useful as a transduction technique for biosensor development. Forster distance (Ry),
the intermolecular separation characterized by 50% of the maximum possible energy transfer, is a critical
BRET parameter. Ry provides a means of linking measured changes in BRET ratio to a physical dimension
scale and allows estimation of the range of distances that can be measured by any donor-acceptor pair.
The sensitivity of BRET assays has recently been improved by introduction of new BRET components,
RLuc2, RLuc8 and Venus with improved quantum yields, stability and brightness. We determined R, for
BRET! systems incorporating novel RLuc variants RLuc2 or RLuc8, in combination with Venus, as 5.68 or
5.55 nm respectively. These values were approximately 25% higher than the R, of the original BRET! sys-
tem. R, for BRET? systems combining green fluorescent proteins (GFP?) with RLuc2 or RLuc8 variants was

7.67 or 8.15 nm, i.e. only 2-9% greater than the original BRET? system despite being ~30-fold brighter.

Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.

1. Introduction

Over the last decade, Bioluminescence resonance energy trans-
fer (BRET) has been used extensively for monitoring protein-pro-
tein interactions in living cells, particularly G-protein coupled
receptor (GPCR) interactions [1,2]. More recently BRET transduc-
tion has been incorporated, with a range of biological recognition
elements, into biosensors for the detection of small volatile organic
molecules [3] and proteases [4-6].

BRET is a form of Forster resonance energy transfer [7] (RET)
and is characterized by the non-radiative transfer of energy from
a bioluminescent donor to a fluorescent acceptor. Two commonly
used genetically encoded forms of BRET are BRET' and BRET?,
which use Renilla luciferase (RLuc) as the energy donor. In BRET!,
the substrate is coelenterazine h (CLZh), giving peak donor emis-
sion at 475 nm and the acceptor is a yellow fluorescent protein
(YFP), with a peak acceptor emission at 530 nm. There is substan-
tial overlap between the BRET' donor and acceptor emission spec-
tra resulting in a high background signal. In BRET?, YFP is replaced
with a green fluorescent protein (GFP?) and a modified coelenter-
azine substrate, coelenterazine 400a (CLZ400a). The BRET? peak
donor and acceptor emissions are shifted to 395 nm and 510 nm,
respectively. This increases the separation between the donor
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and acceptor peaks from ~55 nm for BRET! to ~115 nm for BRET?
and provides a much lower background signal [1].

Forster distance (Rp), the intermolecular distance characterized
by 50% of the maximum possible energy transfer, is an informative
measurement for all forms of RET. It provides a means of estimat-
ing the range of distances that can be measured by any RET probe
pair. We recently experimentally determined the Forster distance
of the BRET! and BRET? systems to be 4.4 and 7.5 nm respectively
[8]. The longer working distance range of the BRET? system lends
itself to the study of macromolecular rearrangements and interac-
tions. For instance, we have shown that the BRET? system can be
more suitable for measuring ligand-induced molecular rearrange-
ments in GPCRs [3] compared to a FRET system with a Forster dis-
tance of 4.8 nm [8]. This is due to the experimental separation of
the BRET? pair in this particular case being better matched to its
Forster distance than the alternatives.

A major countervailing disadvantage of the BRET? system is that
the CLZ400a substrate suffers from rapid signal decay and low
quantum yield [9]. These undesirable attributes generally limit
the applicability of the BRET? system to in vitro studies where mea-
surements can be taken rapidly following substrate addition. The
BRET! substrate has a quantum yield two orders of magnitude
greater than the BRET? system making it more amenable, particu-
larly to live cell and in vivo investigations. A BRET? system with a
Forster distance of ~7.5 nm accompanied by a high quantum yield,
or a BRET! system with a Férster distance similar to the BRET?
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system, would offer many advantages over the present BRET sys-
tems for biological applications. It was recently shown that the
sensitivity of the BRET? assay can be significantly improved by
substituting RLuc with novel mutant RLuc donors having improved
quantum yield and stability [9,10] (Fig. 1). Venus has also been
demonstrated to be a superior yellow fluorescent protein [11].
Consequently, the use of RLuc2 and RLuc8 variants with Venus
for BRET! and GFP? for BRET? has substantially improved our abil-
ity to monitor GPCR/B-arrestin interactions in live cells using BRET
[12,13]. Our aim is to determine the Ry and consequently the useful
working distance range for modified BRET' and BRET? systems
incorporating RLuc2 and RLuc8 as donors to better inform choice
of system. We therefore experimentally determined the variation
of BRET efficiency with distance for the novel BRET! and BRET?
systems.

2. Materials and methods
2.1. Assembly of BRET constructs

The BRET fusion partners RLuc2, RLuc8 and Venus were ampli-
fied and restriction cloned into a series of BRET fusion proteins
containing, 1, 3, 5, 7 or 9 units of the flexible linker (FLy) peptides
(Gly),Ser(Gly),Ser [8] or maltose binding protein (MBP). Standard
molecular biology techniques were used with primers shown in
Tables S-1 and S-2 (Supporting Information). All clones were se-
quenced to confirm their integrity and orientation.

2.2. Expression and purification of BRET proteins

Constructs were transformed into electrocompetent BL21 (DE3)
cells (Novagen). At least three independent colonies were selected
for each construct and used to perform biological replicates. Cul-
tures were grown up and lysed using a homogeniser (Avestin
emulsiflex C3 (ATA Scientific)). The BRET constructs were affin-
ity-purified over TALON™ Superflow Metal Affinity Resin (Clontech
Laboratories, Inc.) and their purity was confirmed using SDS-poly-
acrylamide gel electrophoresis (Fig. S-1 in Supporting Information).
1 uM purified protein was used for all BRET assays unless other-
wise stated.

2.3. BRET detection

Spectral scans were recorded with a SpectraMax M2 plate-read-
ing spectrofluorimeter (Molecular Devices). Simultaneous dual
emission BRET measurements were carried out with a POLARstar
OPTIMA microplate reader (BMG LabTech). BRET measurements

used either the BRET? emission filter set comprising RLuc/CLZ400a
emission filter (410 nm bandpass, 80 nm) and the GFP? emission
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filter (515 nm bandpass, 30 nm) or the BRET' filter set consisting
of a RLuc/CLZh emission filter (475 nm bandpass, 30 nm) and YFP
(535 nm bandpass, 30 nm) emission filter. BRET ratios were calcu-
lated as ratios of integrated acceptor emission channel intensity to
integrated donor emission channel intensity.

2.4. Forster curves

The number of flexible linker repeats was converted into dis-
tances between BRET donor and acceptor (rgrer) previously [8].
Using these rgger values, Forster curves were plotted by fitting mea-
sured energy transfer efficiencies for BRET! (Egger') and BRET? (Ep.
rer?) to the Forster equation (Eq. (1)) by non-linear regression.
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For full experimental details, see supplementary materials and

methods (Supporting Information).

3. Results and discussion
3.1. Orientation

Higher BRET ratios for both BRET systems and all RLuc variants
were generated when the acceptor fluorescent protein was located
at the N-terminus of the fusion, and the RLuc variant at the C-ter-
minus (Fig. 2A and B) compared with the reverse orientations. A
similar orientation effect on the BRET ratio intensity was observed
previously with RLuc [8]. Therefore, further studies were carried
out using only fusion proteins with the orientations: Venus-FLx-
RLuc2/8 for BRET! studies and GFP?-FLx-RLuc2/8 for BRET?
studies.

3.2. Ratiometric measurements and BRET efficiencies

BRET! ratios for all FL, fusion proteins incorporating RLuc2 or
RLuc8 as the donor with a Venus acceptor (Table S-3 in Supporting
Information) were higher than the reported BRET! ratios for corre-
sponding fusions containing RLuc and EYFP (enhanced YFP) accep-
tor [8]. For example, the BRET! ratio was previously calculated to
be 3.2+0.1 (S.D., n=3) for EYFP-FL1-RLuc [8]. The BRET! ratios
calculated here for the Venus-FL1-RLuc2 and Venus-FL1-RLuc8
fusions were 4.8 + 0.5 (S.D.,n=6) and 5.0 + 0.4 (S.D., n = 6), respec-
tively. An increase in BRET? ratios was also observed for the BRET?
FLy fusion proteins with Rluc2 and RLuc8 substitutions (Table S-4
in Supporting Information) compared to the corresponding fusions
incorporating RLuc [8]. Considering the dependence of energy
transfer efficiency on donor quantum yield and acceptor molar
absorptivity [7] it is not surprising that substitution of BRET donor

8 X10% +

- - Rluc
3 B -- RLuc2
L 6x10%- — RLuc8
2
2 N
8 4x10%- AN
£ I
o £N
w 2x10%4 /7 3
4 / N
m /4
0

T T -I T T T T 1
375 400 425 450 475 500 525 550
Wavelength (nm)

Fig. 1. Emission spectra of 1 uM purified RLuc, RLuc2 and RLuc8 upon addition of 5 uM CLZh (A) and CLZ400a (B) substrate recorded with a 20 nm interval.
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Fig. 2. Effect of orientation on BRET ratio. BRET ratios of BRET flexible linker fusion
proteins (1 pM) incorporating either 1 or 9 flexible linker repeats (mean + SD, n = 6)
for BRET' fusion proteins upon addition of 5 uM CLZh (A) and BRET? fusion proteins
upon addition of 5 uM CLZ400a (B).

components with higher quantum yields and higher molar absorp-
tivities result in higher BRET ratios.

The BRET ratios of all purified fusion proteins decreased with
increasing linker length (Table S-3 and S-4, Supporting Informa-
tion) due to a decrease in energy transfer efficiency with increasing
separation of donor and acceptor. For determining the effect of
BRET component substitutions on the measurable distance ranges
of the two BRET systems we experimentally determined Rq values
to provide a direct comparison with our earlier determinations of
Ro for the original BRET systems [8]. BRET ratios (Table S-3 and
S-4, Supporting Information) were converted into energy transfer
efficiencies (Egrer) (Eq. (2)). We used the same ratiometric method
(Eq. (2)) as we employed previously to calculate energy transfer
efficiencies [8].

Eper =1 - (IIL;) 2)

where Ip, is the ratio of integrated donor emission intensity to
acceptor fluorescence intensity in the presence of a BRET acceptor
and Ip is the ratio of donor emission intensity to acceptor fluores-
cence intensity in the absence of BRET [14] (see supplementary
materials and methods in Supporting Information).

3.3. BRET! Férster curves

Fitting the data (Fig. 3) with the Forster equation (Eq. (1)) gave a
Rp of 5.68 + 0.02 nm (mean + SEM, n = 6)) for the RLuc2 and Venus
BRET' system and 5.55 # 0.03 nm (mean + SEM, n = 6) for the RLuc8
and Venus BRET! system (Fig. 3A). Maltose binding protein (MBP)
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Fig. 3. Dependence of BRET efficiency on donor-acceptor separation. Experimental
data are fitted with the Férster equation (R? > 0.99). Measured BRET efficiencies
(Egger) of BRET! fusion proteins EYFP-FL,-RLuc (mean +S.D., n=3), Venus—-FL,—
RLuc2 and Venus-FL,-RLuc8 (mean +S.D., n=6) (A) and BRET? fusion proteins
GFP?>-FL—RLuc (mean+S.D. n=3), GFP’-FL,-RLuc2 and GFP?>-FL,-RLuc8
(mean+S.D., n=6) (B) as a function of donor/acceptor separation (nm)
(mean+S.D., n=4) [8]. The calculated Egggr value (mean +S.D., n=3) for BRET'
and BRET? fusion proteins separated by maltose binding protein (MBP) were plotted
against the distance of 6.66 nm and the calculated Egggr? value (mean +S.D., n=5)
for GFP>-BSA-RLuc was plotted against the distance of 9.81 nm [8].

was also inserted between the BRET! components (Venus-MBP-
RLuc2/8). The predicted distance between the N and C terminus
of MBP is 2.4 nm [15]. We previously determined [8] the radii of
RLuc and GFP-like fluorescent proteins to be 2.23 nm and
2.03 nm, respectively, giving a final chromophore-to-chromophore
distance of 6.66 nm. Including or excluding this data point from
BRET! curves had no effect on the calculated Férster distance for
either RLuc variant or the goodness of fit (R*> > 0.99). The chromo-
phore-to-chromophore distance between a FRET pair tagging the N
and C terminus of MBP was determined to be 6.93 nm for a transfer
efficiency of 0.11 and a Ry of 4.8 nm [16]. At a transfer efficiency of
0.11 the slope of the Forster curve becomes very shallow (Fig. 3)
making it difficult to accurately determine distances [17]. Using
enhanced BRET! components the respective calculated transfer
efficiencies were 0.29 and 0.26 (Table S-3, Supporting Information)
for RLuc2 and RLuc8, both well within the dynamic part of the For-
ster curve for BRET! systems. Steady state RET measurements can
be carried out within a range of +50% of Ry. Outside these limits it is
still possible to estimate distance but the uncertainty is increased
[17]. To provide a visual comparison with the original BRET! For-
ster curve, the data points [8] for the original BRET! FL, fusions
were also plotted (Fig. 3A). The Forster distance for the original
BRET! system was 4.44 + 0.03 (SEM, n = 3) [8]. This demonstrates
that the use of brighter BRET! components investigated here signif-
icantly (P<0.001) increased the Forster distance (from 4.44 to
5.68 nm) and shifted its useful working range from 2.20-6.66 to
2.78-8.52 nm (Fig. 4, Table S-5 in Supporting Information).
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Fig. 4. Working distance range of various genetically encoded RET pairs. The
distance limits are defined as 0.5 of Ry. Vertical bars = Ro. BRET data with RLuc
(RLuc/GFP? and RLuc/EYFP) and FRET data (CFP/EYFP) were determined in a
previous paper [8].

3.4. BRET? Forster curves

The Férster distance of the BRET? system with RLuc2 as the do-
nor is 7.67+0.04 nm (mean+SEM, n=6) and with RLuc8 is
8.15 £ 0.02 nm (mean * SEM, n = 6) (Fig. 3B). Non-linear regression
of the Forster curve again gave an excellent fit (R, > 0.99) (Fig. 3B).
BRET? curves with RLuc8 and RLuc are presented in Fig. S-2 (Sup-
plementary Information). The original BRET? system had a Férster
distance of 7.50+0.03 nm (mean +SEM, n=3). Substitution of
RLuc with either RLuc2 or RLuc8 variant increased (P=0.03 for
RLuc2 and P < 0.0001 for RLuc8) the Forster distance of the BRET?
system from 7.50 to 7.67 or 8.15 nm, respectively.

3.5. Comparison of resonance energy transfer systems

The distance ranges that can be accurately measured with BRET
systems using novel BRET components compared to the original
BRET and FRET systems are presented in Fig. 4 (Table S-5, Support-
ing Information). The use of brighter BRET' components expands
the maximum distance that the BRET! system can accurately mea-
sure to 8.52 nm compared with 6.66 nm for the original BRET! sys-
tem. Substitution of the original BRET' components with the RLuc2
variant and Venus fluorescent protein resulted in the largest in-
crease in the BRET' Férster distance from 4.44 nm to 5.68 nm.
The use of RLuc 2 and 8 variants in BRET? further extended the
maximum measurable distance range to 12.23 nm compared with
11.25 nm for the original BRET? system. Although the use of en-
hanced BRET! components has decreased the difference in Férster
distance between BRET! and BRET? systems, all of the BRET? sys-
tems investigated still had larger R, values than any of the BRET'
systems (Fig. 4). The RLuc8/GFP? BRET? combination has the largest
Forster distance for any genetically encoded RET pair.

Using non-protein RET donor and acceptors such as near infra-
red (NIR) dyes, for example Cyanine 5/5.5 (Ro = 8.3 nm), even larger
distances can be measured, which could be further extended
(Ro=13 nm) by the incorporation of a silver nanoparticle [18].
Although able to measure even longer distances than the enhanced
BRET? systems described here these options require covalent cou-
pling of the FRET fluorophores to biological macromolecules, which
limits their applications. Red-shifted genetically encodable BRET
components [19,20] could potentially deliver even longer range
BRET for in vivo measurements.

RLuc variants with improved quantum yields and stability, as
well as improved variants of fluorescent proteins with faster mat-
uration times and enhanced brightness, are known to improve the
sensitivity of BRET assays for live cell measurements [12,13].
Knowledge of the distance range that these BRET systems can
accurately measure informs researchers on which BRET system to

choose for particular applications and allows them to draw infer-
ences about molecular scale distances. The use of brighter BRET!
components substantially increased (~25%) the Forster distance
of the BRET! system. We demonstrate here that the use of RLuc2
or RLuc8 BRET? donors enhanced signal intensity (~25-fold) but
had only a marginal effect on Ry (2-9% increase). RLuc2 and RLuc8
therefore improve the different weaknesses of both BRET systems.
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