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There is currently an unmet need for versatile techniques to monitor
the assembly and dynamics of ternary complexes in live cells.
Here we describe bioluminescence resonance energy transfer with
fluorescence enhancement by combined transfer (BRETFect), a high-
throughput technique that enables robust spectrometric detection
of ternary protein complexes based on increased energy transfer
from a luciferase to a fluorescent acceptor in the presence of a
fluorescent intermediate. Its unique donor-intermediate-acceptor
relay system is designed so that the acceptor can receive energy
either directly from the donor or indirectly via the intermediate in
a combined transfer, taking advantage of the entire luciferase emis-
sion spectrum. BRETFect was used to study the ligand-dependent
cofactor interaction properties of the estrogen receptors ERax and
ERB, which form homo- or heterodimers whose distinctive regula-
tory properties are difficult to dissect using traditional methods.
BRETFect uncovered the relative capacities of hetero- vs. homo-
dimers to recruit receptor-specific cofactors and regulatory proteins,
and to interact with common cofactors in the presence of receptor-
specific ligands. BRETFect was also used to follow the assembly of
ternary complexes between the V2R vasopressin receptor and two
different intracellular effectors, illustrating its use for dissection of
ternary protein—protein interactions engaged by G protein-coupled
receptors. Our results indicate that BRETFect represents a powerful
and versatile technique to monitor the dynamics of ternary interac-
tions within multimeric complexes in live cells.
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he need to interrogate multimeric protein complex formation

in live cells is crucial for our understanding of a multitude of
cellular processes, including signal transduction and transcrip-
tional regulation. Ternary complexes can be detected by fluo-
rescence resonance energy transfer (FRET), based on sequential
transfer between three fluorophores in a three-color or triple-
FRET assay (1, 2). However, this approach suffers from constraints
due to photobleaching and contaminating cross-excitation re-
quiring spectral unmixing, typically yielding low signal output and a
restricted dynamic range. The need for an advanced microscopy
setup has also limited implementation in high-throughput screens.
Bioluminescence resonance energy transfer (BRET) assays do not
require use of fluorescence excitation, reducing the need for
compensation in the acceptor channel due to cross-excitation. The
enhanced cell survival also extends the potential duration of dy-
namic follow-up. BRET interrogates interactions between two
protein partners, but combination with either a protein comple-
mentation assay (PCA) or FRET has been used to a limited extent
to detect ternary complexes (3, 4). Reconstitution of a green
fluorescent protein or a luciferase from separate fragments in a
PCA (5, 6) enables combination with BRET for spectrometric
detection of complexes involving three proteins but can affect
the kinetics of assembly and stability of complexes as well as
introduce conformational constraints, leading to a high rate of
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false negative results (3). Carriba et al. (4) developed an approach
termed “sequential resonance energy transfer,” based on sequential
transfer of energy from a donor to an intermediate by BRET and
subsequently to an acceptor by FRET, to measure heteromeric
interactions between more than two neurotransmitter receptors.
However, potential shortcomings include signal contamination,
necessitating resolution by spectral unmixing, and inefficient cou-
pling between chromophores, reducing the output signal, limiting
the use of serial resonance energy transfer (SRET) as a versatile,
high-throughput-amenable spectrometric detection method for
heteromeric complexes.

To overcome the limitations of current ternary complex de-
tection methods, we developed a RET assay that entails the use
of an intermediate fluorescence protein tailored to ensure a
strong increase in output signal when the ternary complex is
formed while minimizing artifactual signals. We termed this
method “BRET with fluorescence enhancement by combined
transfer” (BRETFect) and demonstrate using several examples
that it reliably enables spectrometric detection of ternary com-
plex formation in live cells without the need for spectral
unmixing. We validated this approach for the study of homo-
dimers formed by the estrogen receptors ERa or ERp, which
function as dimeric ligand-dependent transcription factors that
recruit a variety of cofactors via two transcriptional activation
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domains, AF1 and AF2 (7-10). ERs mediate estrogenic effects
in a wide range of physiological processes and pathologies, in-
cluding breast cancer (7, 11). ERa and ERp have distinct func-
tional properties, including differential roles in estrogen-induced
breast cancer cell growth (11-14) and in response to synthetic
antiestrogens used in the clinic to block estrogen signaling (15,
16). ERa and ERp have overlapping tissue-specific expression
patterns and can form heterodimers when coexpressed, but the
patterns of specific cofactor recruitment by heterodimers in the
presence of various ER ligands remain underexplored due to a
lack of suitable assays (12). Using BRETFect, we revealed that
the ERa partner in heterodimers is sufficient to trigger recruitment
of an ERa AF1-specific cofactor domain in the presence of
agonists, or of small ubiquitin-like modifier (SUMO) modification
marks in the presence of pure antiestrogens, and demonstrated that
receptor-selective ligands induced recruitment of common cofactors
to heterodimers with intermediate potencies. Finally, we documented
the versatility of BRETFect by detecting ternary complexes formed
by the G protein-coupled receptor (GPCR) V2R and its effectors.

Results

Design of BRETFect for the Detection of Ternary Complex Formation
Through Combined Energy Transfer. BRETFect relies on the use of
a donor (D)-intermediate (I)-acceptor (A) relay system where
the acceptor can receive energy either directly from the donor or
indirectly via the intermediate in a combined transfer at the
population level (Fig. 14). The intermediate is chosen such that
it can act as a relay to increase the total energy that can po-
tentially be transferred from the donor to the acceptor, by
transferring energy from parts of the emission spectrum of the
donor that are inefficient for direct excitation of the acceptor.
Renilla luciferase IT (RLucll) (17) converting coelenterazine h
(coel-h) has a very broad bioluminescence emission spectrum
(400 to 600 nm; Fig. 1B), reflecting a wide range of energetic
states upon oxidative conversion of the substrate. Energy trans-
fer between RLucll and a yellow-shifted GFP, for instance Ve-
nus (18, 19), occurs because of overlap between the emission
spectrum of the donor and the excitation spectrum of the ac-
ceptor (Fig. 1B), resulting in a reduction in RLuclI emission in
the wavelengths overlapping with the Venus excitation spectrum
and an increase in signal output at wavelengths corresponding to

Venus fluorescence emission. However, less than half of the
emission spectrum of RLucll/coel-h overlaps with the Venus
excitation spectrum (Fig. 1B, blue and yellow dotted lines, re-
spectively), indicating that many of the energetic states arising
from coel-h oxidation are not compatible with RET.

A similar observation is made when considering the spectral
overlap between RLucll and another BRET partner, monomeric
TFP1 (mTFP1) (Fig. 1C, blue and cyan dotted lines, re-
spectively). Interestingly, mTFP1 (20) and Venus do not com-
pete for resonant energy transfer, due to the minimal overlap
between their excitation spectra (Fig. 1D, cyan and yellow dotted
lines, respectively). This suggests that mTFP1 can act as an en-
ergy relay between RLuclI/coel-h and Venus for the portion of
the emission spectrum that is less favorable for direct transfer to
Venus (i.e., the 400- to 460-nm window) (Fig. 1D). Indeed, en-
ergy transfer from RLucll/coel-h to mTFP1 would lead to an
emission peaking around 492 nm, which represents more favor-
able energetic states for resonant energy transfer to Venus (Fig.
1D). Thus, in the luciferase population, each RET event corre-
sponds to emission of energy at a single specific wavelength
between 400 and 600 nm and transfer to either the intermediate
(400 to 460 nm) or the acceptor (470 to 520 nm) (Fig. 1D).
Hence, the entire width of the donor emission spectrum is used
for either direct transfer to the acceptor or indirect transfer via
successive RET events from the donor to the intermediate to the
acceptor (Fig. 14, Right and Fig. 1D).

To measure the combined energy transfer from D to A directly
and from D to A through I, we detect the total transfer output
(TTO), namely wavelengths compatible with emission from A (Ve-
nus), versus the combined transferable output potential (CTOP),
namely wavelengths compatible with energy transfer to A from either
D or I (Fig. 1 B-D). For TTO measurements, we opted for filters that
enable detection of Venus emission with minimal spectral overlap
with mTFP1 (LP550 nm). Though the overall signal detection from
Venus at those wavelengths is less optimal than with the BP530/
20 filter set, this choice minimizes the detection of mTFP1 emission,
eliminating a potential source of confounding signals. On the other
hand, CTOP is measured by detecting signal emission in the range
that encompasses both RLucll/coel-h and mTFP1 emission spectra
(BP485/40 nm). Selecting these wavelengths, rather than the usual
RLucll/coel-h BRET donor detection channel (BP400/70 nm), has
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BRETFect design. (A) Description of energy transfer between a donor tagged with RLucll (D), an intermediate tagged with mTFP1 (1), and an acceptor

tagged with a YFP (A) in the presence of two or three partners. In the example illustrated, ERa is fused with RLucll or mTFP1 to generate D and |, respectively,
and a coactivator is fused with Venus to generate A. (B-D) Analysis of donor RLucll (dark blue line), intermediate mTFP1 (pale blue line), and acceptor Venus
(yellow line) excitation (exc) and emission (em) spectra (dotted or full line, respectively) after direct stimulation of luciferase or fluorophores in HEK293T cells
expressing each construct independently. The emission and excitation peaks were standardized to a maximum of 1.00. Shaded areas represent the filter windows used

for detection in BRETFect assays. RLU, relative light unit.
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the advantage of preventing the calculation of false positive A/D
signal ratios that may result from quenching of RLucll/coel-h emis-
sion by mTFP1 without subsequent transfer to Venus. Therefore, the
formation of a ternary complex between D, I, and A should result in
an increase in the overall BRET ratios between CTOP and TTO at
the population level without the need for spectral unmixing. This
increase is due to the additional energy absorbed and then trans-
ferred by I and should be greater than the sum of net BRET ratios in
each binary condition, D + I (which should be negligible) and D + A
(reflecting transfer without an intermediate), using the same CTOP
and TTO detection channels (Fig. 14).

Because of these considerations, BRETFect (Fig. 14) differs
from SRET (Fig. S14) in terms of design and basic principles of
energy transfer within ternary complexes. Importantly, BRETFect
does not posit a strictly sequential transfer between D, I, and A
for the detection of ternary complex formation. While the se-
quential transfer hypothesis is central to SRET, we note that it
appears unlikely to always be upheld in SRET", which uses a
YFP such as Venus and DsRed as fluorophores (4), because of
the significant overlap between the excitation spectra of these
fluorescent proteins (Fig. S1 B and C). This suggests that I and A
would compete for direct energy transfer from D if both inter-
actions can take place simultaneously within the ternary com-
plex. Binary complexes between D and A may thus artificially
increase the ternary signal. In addition, use of DsRed in this
setup may lead to the formation of aberrant fusion protein
complexes due to the propensity of DsRed to tetramerize (21).
Also, in SRET?, which associates GFP2 and a YFP such as
Venus as I and A, respectively (4), the significant overlap be-
tween the emission spectra of GFP2 and Venus (Fig. S1D) may
cause an overestimation of the ternary signal in the absence of
proper spectral unmixing (see also below).

In BRETFect, use of mTFP1 and of a YFP (e.g., Venus, Topaz,
or eYFP, which share similar excitation and emission peaks; Fig.
S1B) as I and A, respectively, minimizes the overlap in the excitation
spectra of I and A and reduces contamination in the acceptor
channel by the intermediate (TTO detection: LP550 nm), while
enabling detection of most of the intermediate emission in the do-
nor channel due to the coincidence of the mTFP1 and RLuclI/coel-h
emission spectra (CTOP detection: BP485/40 nm) (Fig. 1C). This
more accurately accounts for the total energy available for transfer to
the acceptor and for its resulting emission output. The choice of
mTFP1 in combination with RLucll/coel-h as a donor is key to the
efficacy of BRETFect. This is due to the superior brightness of coel-h
(Fig. S1E) and the high quantum yield of mTFP1 (Fig. S1B), enabling
a robust signal output as well as efficient use of the entire width of the
RLucll/coel-h emission spectrum for transfer to the acceptor YFP. Of
note, use of a different intermediate fluorophore such as mTagBFP2
(22), whose excitation profile is not compatible with energy transfer
from RLucll/coel-h (Fig. S1F), can provide a useful negative control.

Validation of BRETFect as a Method to Detect Ternary Complex
Formation Between ERx Homodimers and a Coactivator Peptide
in Live Cells. To validate the applicability of BRETFect to the
analysis of ternary complex formation in live cells, we moni-
tored the recruitment to ERa homodimers of an LXXLL
coactivator motif (CoA), which mediates interaction of several
cofactors with the AF2 transcriptional activation domain of
nuclear receptors (23). Recruitment of such motifs to ERa in
the presence of the natural ER agonist 17p-estradiol (E2) has
been previously detected in live cells using BRET or FRET (24,
25). BRET can also monitor ER dimer formation (26, 27). To
detect complexes formed between an ERa homodimer and the
CoA motif by BRETFect, we fused the ERa protein to RLucll
or to mTFP1, yielding the donor and intermediate, respectively,
and used CoA fused to Venus as the acceptor (Fig. 14).
HEK?293T cells were transiently transfected to express binary
and ternary combinations of D, I, and A in the presence of
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E2 to stimulate CoA recruitment by ERa. The emission profiles were
plotted after normalization according to the area under the curve to
illustrate how the energy is redistributed during RET. In the
absence of a BRET partner, conversion of coel-h by ERa-
RLuclI (D) produced a broad emission peak (Fig. 2 4-C, dark
blue line) with the expected maximum at 484 nm (Fig. S1B).
Addition of CoA-Ven (D + A) led to significant changes in
the RLucll emission spectrum in the presence of E2 (Fig. 24,
compare green and dark blue lines). The marked decrease in
signal intensity at wavelengths lower than 525 nm is compat-
ible with quenching by the acceptor (Venus), and the increase
at wavelengths greater than 525 nm is compatible with Venus
emission, indicating energy transfer between D and A through
CoA recruitment by agonist-bound ERa. Similarly, when ERa-
RLucll and ERa-mTFP1 were cotransfected, the observed de-
crease in emission around 464 nm and the shift in the maximal
emission peak from 484 to 492 nm are compatible with quenching
of RLucIl and with mTFP1 fluorescence emission, respectively,
indicative of RET between D and I due to ERa homodimerization
(Fig. 2B, light blue line vs. dark blue line). Finally, cotransfection of
all three tagged components (D + I + A) led to a drop in emission
around 464 nm and a significant increase in emission around
528 nm compared with the spectral profiles from D + A, indicating
formation of the ternary complex (Fig. 2C, yellow line compared
with green line). To better illustrate the effect of the intermediate
on signal output, we subtracted the normalized emission profile of
the binary complex (D + A) from the emission profile of the ternary
complex (D + I+ A) (Fig. 2D). These results illustrate a decrease in
emission signal centered at 464 nm (black line), overlapping with
the excitation profile of mTFP1 (blue line), and a corresponding
emission signal increase centered around 528 nm, coinciding with
the fluorescence emission profile of Venus (yellow line), strongly
suggesting combined energy transfer within the ternary complex. To
directly validate RET between mTFP1 and Venus within the ternary
complex, we performed a standard FRET experiment in the absence
of coel-h. Results confirmed efficient energy transfer between ERa-
mTFP1 and CoA-Ven following E2 treatment (Fig. S24). Taken
together, these observations validate the predicted pattern of energy
transfer and amplification by the intermediate mTFP1, and show
that ternary complex formation can be monitored using BRETFect.

BRETFect Is a Robust and Easy-to-Implement Spectrometric Method
for Ternary Complex Detection. Next, we compared BRETFect
with SRET? for the detection of ternary complexes between ER«
homodimers and the CoA motif in the presence of E2, which
induces complex formation, or of antiestrogens, which do not
(28). In both setups, RLuclII was fused to ERa. Based on the
original description of SRET? (4), we used RLucllI/coelenter-
azine 400a (coel-400a) as a donor and fluorescent proteins
GFP2 and Venus as intermediate and acceptor, respectively (Fig.
S1D). In parallel, we investigated a modified SRET? approach
using mTFP1 instead of GFP2 as an intermediate. For both types
of assays, nontagged ERa (a-notag) was used as control for the
intermediate (D + A condition) to ensure similar complex stoi-
chiometry, and unfused Venus (Ven) was cotransfected in the
D + I condition to control for random collisions (Fig. 2F).

In the SRET? assays, cotransfection of the donor ERa-RLucll
(a-Luc) together with either ERa-GFP2 or ERa-mTFP1 (a-GFP
or a-TFP) as intermediates and unfused Venus led to the gen-
eration of significant BRET signals in the SRET acceptor
channel (530 nm) in all treatment conditions, but particularly
with the antiestrogen ICI182,780 (ICI; Fig. 2F), in agreement
with previous observations (26). However, the significant signals
detected in these control D + I binary conditions represent
contaminating signals in the ternary complex SRET assays (see
also below). On the other hand, in BRETFect, the control binary
condition (D + I) resulted in low signal in all ligand conditions
(Fig. 2E), highlighting minimal contaminating signals from the
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Fig. 2. BRETFect monitors ternary complex forma-
tion between ERa dimers and coactivators in live
cells. (A-C) Spectral analyses of luminescence emis-
sion by HEK293T cells expressing fusion proteins ERa-
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intermediate in the TTO detection window (LP550 nm; Fig. 1 C
and D). Instead, mTFP1 emissions, which peak at 494 nm, are
recaptured in the CTOP channel in BRETFect(BP485/40 nm)
(Fig. 1 C and D) but not in SRET(BP400/70 nm). As expected
from the BRETFect design, the D + A binary condition pro-
duced a robust BRET signal upon treatment with E2, while
antiestrogens 4-hydroxytamoxifen (OHT) and ICI suppressed
the basal signal, consistent with their inhibitory effect on AF2
function (Fig. 2F). A similar pattern of BRET signals was detected
in the D + A conditions using both SRET? assays, albeit with greatly
reduced intensities, indicating weak but specific direct transfer from
D to A despite the sequential transfer assumption (4).
Cotransfection of all ternary complex partners using BRETFect
conditions led to a significant amplification of the net BRET
ratios following E2 treatment, but not in the presence of anti-
estrogens OHT and ICI (Fig. 2E). This is compatible with in-
creased energy transfer at the population level in the ternary
complex formed specifically in the presence of the agonist
E2 due to transfer from the intermediate, mTFP1, to the ac-
ceptor by FRET (Fig. S24), in addition to direct transfer from
donor to acceptor (Fig. 24). Replacing the intermediate fluo-
rophore mTFP1 with mTagBFP2, yielding ERa-mTagBFP2
(a-BFP2), failed to increase the overall energy transfer to the
acceptor compared with the unfused receptor (ERa) or the ab-
sence of intermediate (none) (Fig. S2B). As mTagBFP2 is very
inefficient at accepting energy from luciferase in the presence of
coel-h (Fig. S1 B and F), this clearly indicates that the increase in
signal output in the BRETFect approach is dependent on com-
bined energy transfer. In contrast, neither SRET? assay led to
significant signal amplification in the E2 condition compared
with signals in the presence of antiestrogens OHT or ICI (Fig.
2E), which prevent CoA recruitment and therefore ternary
complex formation, indicating that SRET failed to detect specific
ternary complex formation under our experimental conditions.
The difference between BRETFect and SRET is further
showcased using a differential BRET calculation (delta BRETFect
or delta SRET) obtained by the subtraction of the binary con-
dition net BRET signals (D + I and D + A) from the ternary
condition signals (D + I + A) for each treatment (Fig. 2F). The
delta BRETFect was, as expected, enhanced by E2, whlle OHT
and ICI reduced it significantly. However, both SRET? assays
yielded minimal signals after compensation for contaminating
emissions, and no clear differential signal between the agonist
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A CoA-Ven CoA-Ven CoA-Ven

o-TFP  o-TFP least three biological replicates, and error bars represent
the SEM. Statistical significance was analyzed by ANOVA

with a Bonferroni post hoc test. *P < 0.01, **P < 0.001.

E2 and the antiestrogens OHT and ICI could be obtained (Fig.
2F). Several factors may account for the failure to reliably
monitor ternary complex formation usmg SRET?. As discussed
above, a likely contributing factor is the overlap between the
emission spectra of GFP2 (I) and Venus (A), the signal observed
in the ternary D + I + A condition (yellow curve) being at least in
part confounded by that of the D + I binary condition (blue
curve) (Fig. S2C). In addition, GFP2 has a weaker extinction
coefficient (the capacity to receive energy from the donor) and a
poorer quantum efficiency (the capacity to transmit the received
energy as resonant energy) compared with mTFP1 (Flg S1B).
However, replacement of GFP2 by mTFP1 in SRET? did not
lead to significant improvement in specific signal detection (Flg
2FE and F). Other limitations include the use of coel-400a in
SRET?, which also likely contributes to weaker signal-to-noise
ratios, as coel-h has increased brightness (Fig. S1E) and leads to
a better overlap between RLucll emission and mTFP1 excitation
(Fig. 1C). Third, use of the TTO and CTOP detection channels
in BRETFect both minimizes signals from the intermediate in
the acceptor detection channel and detects more appropriately
the transferable energy from the donor or the intermediate, thus
helping to reduce confounding signals.

To further characterize the specificity of ternary complex de-
tection with BRETFect, we titrated amounts of A or I in the
D + I + A condition. As expected, BRET levels were dependent
on the concentration of CoA-Ven and could be saturated under
all treatments, as expected for specific interactions (Fig. S2 D
and E). Furthermore, BRET signals were also amplified in a
concentration-dependent manner by ERa-mTFP1, but not un-
tagged ERa, demonstrating the role of the intermediate in signal
potentiation (Fig. S2 F and G). The specificity of this signal
amplification was further demonstrated by the use of a non—
ERo-interacting peptide (mutCoA), which yielded only residual
BRET signal (Fig. S2H). Further, the non-ERo-interacting nu-
clear receptor Nurr77 or the dimerization-deficient ERa mutant
L507R fused to mTFP1 both failed to amplify BRET (Fig. S2H).
Together, these results validate that BRETFect enables specific
and robust detection of the agonist-induced formation of ternary
complexes between ER dimers and cofactors.

BRETFect Reveals the Patterns of Ligand-Dependent Recruitment of

Coactivators by ER Heterodimers. We used BRETFect to charac-
terize the specific patterns of protein—protein interactions by
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ERo—ERB heterodimers and increase our understanding of their
biological properties. Both ERa and ERp recruited CoA-Ven in
an E2-induced and OHT-repressed manner in BRET assays (Fig.
34, D + A conditions). Note that similar levels of expression of
the ERa and ERp fusion proteins were achieved (Fig. S34), and
that CoA-Venus was also expressed similar to the unfused Venus
control (Fig. S3B). Addition of ERa-mTFP1 to either ERa-
RLucll or ERB-RLuclIl potentiated the BRET signal for re-
cruitment of CoA-Ven in the basal and E2-induced but not in the
OHT conditions (Fig. 3 4 and B, D + I + A conditions), in-
dicating that CoA is recruited in a similar manner to ER homo-
dimers and heterodimers. On the contrary, ligand-dependent
recruitment of p160 cofactors by the AF1 domain has been
reported to take place with ERa but not ERp (29). As expected,
E2 induced recruitment of the AF1-interacting domain (AF1ID)
of the p160 cofactor SRC1 fused to the YFP Topaz to ERa, but
not ERB, in BRET assays (Fig. 3C, D + A conditions). In addi-
tion, OHT acted as a partial agonist for recruitment of AF1ID to
ERa, consistent with previous reports (29). Cotransfection of
ERa-mTFP1 with ERa-RLuclI (D + I + A condition) significantly
potentiated the signal in the presence of E2, while cotransfection
of ERB-mTFP1 with ERB-RLuclI led to signal potentiation under
basal conditions but no further increase by E2 (Fig. 3 C and D), in
keeping with previous observations of ligand-independent cofactor
recruitment by the ERB AF1 domain (30). Interestingly, coex-
pression of ERa-mTFP1 with ERB-RLucll also significantly po-
tentiated energy transfer between ERP and the AF1ID in the
presence of E2 (Fig. 3 C and D), indicating that ERa maintains its
capacity for ligand-induced recruitment of the AF1ID coactivator
domain within heterodimers. Similar results were obtained in bone
U20S cells, demonstrating applicability of the method to different
cell backgrounds (Fig. S3 C and D).

Use of protein motifs or domains as acceptors is often resorted
to in BRET when working with large proteins, due to the need to
express high protein levels in titration curves. Here we have in-
vestigated the size limitation for the amplification potential of
BRETFect compared with standard BRET using full-length co-
factors. We tested the capacity of BRETFect to monitor re-
cruitment to ER dimers of coregulators spanning a variety of
protein sizes, i.e., PPARGCIA/PGCla (803 aa), LCoR (433 aa),
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and NROB2/SHP1 (257 aa) (9, 10, 31). As expected, recruitment
of these cofactors (fused to Topaz) to ERa-RLucll in regular
BRET was agonist-induced in all cases (Fig. S3E). In addition,
LCoR was also recruited in the presence of OHT. On the other
hand, ICI did not induce ternary complex formation for any of
the cofactors tested (Fig. S3E), as previously reported. Similar
results were obtained by FRET between ERa-mTFP1 and the
various cofactor fusions (Fig. S3G). Finally, the D + I + A
conditions led to a ligand-dependent signal potentiation com-
pared with the control binary conditions (Fig. S3 E and F),
demonstrating its use for enhancing the detection of interac-
tions between nuclear receptors and acceptor proteins of
varying sizes (up to about 90 kDa). However, potentiation was
stronger for smaller proteins (Fig. S3F), in keeping with the
lower expression levels of large fusion proteins. In addition, the
size of the acceptor may also affect energy transfer efficiency via
altered positioning or orientation of the fluorophore with respect
to the donor or intermediate, as in classical two-partner BRET.

The Pure Antiestrogen Fulvestrant Selectively Induces SUMOylation
of ERa-Containing Dimers. ERa SUMOylation was previously
shown to contribute to the enhanced transcriptional suppres-
sion of ERa by antiestrogens of the selective estrogen receptor
down-regulator (SERD) class such as ICI182,780, also known
as fulvestrant, compared with the selective estrogen receptor
modulator (SERM) OHT (32). However, the role of ERa di-
merization in ICI-induced SUMOylation and the specificity of
this modification for ERa vs. ERp have not been characterized.
In a BRETFect assay, ICI induced BRET signals between
SUMO3-eYFP and ERa-RLucll (D + A) after 120 min of
treatment, indicating a marked increase in ERa SUMOylation
(Fig. S44). Cotransfection of ERa-mTFP1 (D + I + A) strongly
potentiated the signal in the presence of ICI (Fig. 44 and Fig.
S44), indicating that ERa homodimers are SUMOylated.
However, no signal potentiation was observed in the presence
of ICI with a SUMO mutant incapable of covalent attachment
to substrates (SUMO1G; Fig. 4B). Signal potentiation by I upon ICI
treatment was also dependent on a dimerization-competent re-
ceptor partner, as it was not observed with dimerization-deficient
ERLS07R (Fig. 4B). Absence of SUMOylation of ERL507R
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CoA ligand-dependent manner. (A) BRETFect analysis of
ligand-dependent recruitment of CoA peptide (CoA)
to ERa or ERB homodimers or heterodimers. HEK293T
cells expressing ERo/B-RLucll, ERa/B-mTFP1, and the
mE2 CoA peptide fused to Venus or unfused controls

B OHT (C, unfused ERa; +, unfused Venus) were treated with

ligands (1 pM) for 45 min. (B) Delta BRET calculations

from BRETFect assays in A. (C) BRETFect analysis of

ligand-dependent recruitment of AF1ID to ER dimers.

Cells expressing ERa/B-RLucll, ERo/B-mTFP1, and/or

AF1ID fused to Topaz were treated as in A. (D) Delta

BRET calculations from BRETFect assays in C. All graphs
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ERa ERB cates, and error bars represent the SEM. Statistical
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AF1ID significance was analyzed by ANOVA with a Bonfer-
roni post hoc test. *P < 0.01, **P < 0.001.
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Fig. 4. SERD-induced SUMOylation of ER dimer entities requires the pres-
ence of one ERa partner. (A) Delta BRET values were calculated from
BRETFect assays (Fig. S4A) performed in HEK293T cells expressing vectors for
ERo/B-RLucll, ERo/B-mTFP1, and/or SUMO3 fused to eYFP and treated for 2 h
with 1 pM E2, OHT, or 1C1182,780. (B) The nonconjugatable SUMO1G mutant
and the monomeric ERa(L507R) mutant were used as specificity controls in
BRETFect assays in A. (C) Kinetic analysis of binary and ternary complex
formation between ERa-RLucll, ERa-mTFP1, and SUMO3-eYFP after treat-
ment with ICI (1 pM). BRET ratios (485/400) were calculated from cells treated
with coel-400a, BRETFect ratios (550/485) from cells treated with coel-h, and
FRET ratios (550/495) from light-excited cells. Relative signal increases were
plotted according to time after ICl addition. (D) Comparative detection of ligand-
induced SUMOylation by BRET or BRETFect in HEK293T cells expressing ERa-RLucll
and SUMO3-eYFP in the presence or absence of ERa-mTFP1 and treated for 2 h
with ligands (1 pM). Graphs were prepared from three biological replicates, and
error bars represent the SEM. Statistical significance compared with untreated
controls was analyzed by ANOVA with a Bonferroni post hoc test. *P < 0.01.

was verified by Western analysis (Fig. S4B). On the other
hand, ICI did not detectably induce SUMOylation of ERp in a
standard BRET (D + A) (Fig. S44) and cotransfection of ERp-
mTFP1 did not potentiate the BRET signal obtained with the
ERB-RLuclI fusion protein in the presence of any ligand (D + 1+ A)
(Fig. 44 and Fig. S44). Western blot analyses confirmed the ICI-
dependent SUMOylation of GFP-fused ERa but not ERp (Fig. S4C).

Interestingly, the coexpression of ERa-mTFP1 with ERp-
RLuclI (D + I + A condition) led to a significant signal poten-
tiation in the presence of ICI through BRETFect, although to a
lower degree than with ERa-RLucll (Fig. 44 and Fig. S44),
suggesting that SUMO molecules are present on heterodimers as
well as ERa homodimers. Reduction of ERa SUMOylation (but
not of unmodified ERa levels) upon coexpression of ERp could
be confirmed using Western blotting (Fig. S4D). Similar
BRETFect results were obtained in U20S bone cells (Fig. S4E).
Together, our results indicate that heterodimer formation re-
duces the capacity of ICI to induce ERax SUMOylation but that
SUMO marks can be detected on heterodimers, whether
through de novo addition on heterodimers or monomer exchange
between ERa homo- and heterodimers.

Next, we exploited the capacity of BRETFect to measure in
parallel the three potential binary interactions within ternary
complexes to investigate the kinetics of SUMOylation vs. those
of receptor dimerization within the first 100 min after ICI

E2658 | www.pnas.org/cgi/doi/10.1073/pnas.1716224115

treatment in cells transiently transfected to express all three
BRETFect components (D + I + A). Energy transfer between
ERa monomers fused to RLucll or mTFP1 (D + I) was moni-
tored at different times after ICI addition by measuring 485/400
BRET ratios (using coel-400a rather than coel-h); to determine
ICI-dependent SUMOylation kinetics on ERa, we monitored
FRET signal ratios between ERa-mTFP1 and SUMO3-eYFP (550/
495, 1 + A) after excitation at 420 nm; finally, to determine ICI-
dependent SUMOylation kinetics on ERa dimers, we monitored
BRETFect signal ratios using coel-h and the TTO and CTOP de-
tection channels (550/485, D + I+ A). We plotted all data obtained
from these parallel assays onto a single graph, where we normalized
the signal ratios to the maximal signal obtained. A sharp increase in
BRET!(485/400) signal ratios was observed within the first 10 min
upon addition of ICI (Fig. 4C), compatible with rapid effects of
ICI on receptor dimerization and/or conformational change.
On the other hand, gradual increases in FRET(550/495) and
BRETFect(550/485) signal ratios were observed. Together,
these results indicate that progressive SUMOylation occurs on
preformed ERa homodimers (Fig. 4C). In addition, these re-
sults also illustrate the multiplexing capacity of BRETFect assays
and their usefulness in dissecting the contribution of individual
interaction partners in ternary complex assembly in real time.
We have previously observed that some SERM molecules with
reduced partial agonist properties such as raloxifene (Ral) can
induce low levels of SUMOylation compared with SERDs (32).
Here, we used BRETFect to test whether signal amplification
compared with BRET enables a greater sensitivity in the de-
tection of SUMO marks. ICI and the antiestrogen RUS58,668
(RUS58), which both belong to the SERD class of antiestrogens,
induced comparable strong SUMOylation signals in our BRETFect
assay (three- to fourfold increase compared with background). In
contrast, agonists E2 and diethylstylbestrol (DES) or the SERM
OHT did not significantly induce SUMOylation using the same
assay. However, a marked and statistically significant (P =
0.0094) increase in SUMOylation was detected in the presence
of Ral compared with untreated samples. Interestingly, this in-
crease was minimal and did not reach significance under the
same conditions in the standard BRET assay (Fig. 4D). This
clearly highlights the increased sensitivity of BRETFect and its
applicability to the detection of rare ternary complexes. In-
duction of SUMOylation by Ral is in agreement with results
obtained by Western analysis (32) and correlates with the improved
antiestrogenic profile of Ral compared with OHT in HepG2 cells,
an experimental model for the agonist activity of SERMs (26, 32).

Receptor-Selective Ligands Induce Coactivator Recruitment by
Heterodimers with Intermediate Potencies. Receptor-selective ag-
onists such as the ERa-specific agonist propylpyrazole triol
(PPT) or ERp-selective agonist diarylpropionitrile (DPN) have
been developed to independently target each receptor and dis-
sect their individual roles (33-35). Although these ligands are
permissive for heterodimer formation (27, 36), their impact on
the activity of these heterodimers has not been characterized.
BRETFect assays are particularly suitable to assess this question
in live transfected cells via the monitoring of CoA-Venus re-
cruitment by different combinations of ERa and ERp fused to
RLucll or mTFP1. As expected, PPT, like E2, led to a dose-
dependent recruitment of CoA-Ven by ERa-RLucll in BRET
assays (Fig. 54, yellow and black curves). These signals were
increased at all drug concentrations by addition of an ERa-
mTFP1 intermediate partner (Fig. 54, blue and red curves),
demonstrating the recruitment of CoA to ERa homodimers in
the presence of ERa-binding ligands.

Similarly, addition of either ERp-selective DPN or non-
selective E2 led to a dose-dependent recruitment of CoA-Ven by
ERB-RLucll in BRET assays (Fig. 5B, yellow and black curves), and
these signals were increased at all drug concentrations by addition

Cotnoir-White et al.
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Fig. 5. Activation of ERa-ERP heterodimers by selective ligands.
HEK293T cells expressing the indicated constructs together with the CoA-
Ven expression vector were treated with ligands (4 x 1072 t0 1 x 10~ M) for
45 min. (A and B) BRETFect analysis of ternary complex formation induced by
E2 (A and B, black and red lines) compared with either PPT for ERa homo-
dimer (A, blue and yellow lines) or DPN for ERp homodimer (B, blue and
yellow lines). (C) BRETFect analysis of ERa-specific ligand PPT on ERp
homodimer (blue points) and ERwERp heterodimer (red line). (D) BRETFect
analysis of ERp-selective ligand DPN on ERa homodimer (blue line) and ERo/
ERB heterodimer (red line). Standard BRET assays with ERB-Luc (C, black
points) or ERa-Luc (D, black line) are also shown. All graphs were prepared
from three biological replicates, and error bars represent the SEM. Curves
were generated by nonlinear regression analysis of the data.

of an ERB-mTFP1 intermediate partner (Fig. 5B, blue and red
curves), demonstrating the recruitment of CoA to ERp homo-
dimers in the presence of ERf-binding ligands.

On the other hand, no increase in CoA recruitment was ob-
served as expected in BRET using ERB-RLucll upon addition of
different concentrations of ERa-specific PPT (Fig. 5C, black
points) or in the presence of cotransfected ERB-mTFP1 (Fig. 5C,
blue points). However, PPT stimulated coactivator recruitment
by ERB-RLucll in the presence of cotransfected ERa-mTFP1
(Fig. 5C, red line), indicating activation of ERa—ERp hetero-
dimers by PPT. Interestingly, PPT was less potent for coactivator
recruitment by the ERa-ERp heterodimer than by the ERa
homodimer (ECsy 28 nM vs. 0.55 nM; Table S1), suggesting
positive allosteric effects between liganded homodimeric part-
ners. Assays performed with the SRCI1 receptor-interacting do-
main (RID), which contains multiple CoA-like interacting
motifs, indicated that PPT also promoted recruitment of the
entire RID to the heterodimer with lower potency compared
with ERa homodimers (Fig. S54 and Table S2).

Conversely, addition of different concentrations of ERf-
selective DPN led to recruitment of CoA-Ven by ERa-RLucll as
monitored by BRET assays (Fig. 5D, black curve), and cotrans-
fection of ERa-mTFP1 potentiated this signal (Fig. 5D, blue
curve), demonstrating activation of ERa by DPN, albeit with
ECsps 20-fold higher than with ERp homodimers (Table S1).
However, cotransfection of ERB-mTFP1 led to an increase of

Cotnoir-White et al.

BRETFect signal at lower doses of DPN (Fig. 5D, red curve),
reflecting activation with intermediate ECsy values compared
with ERa and ERp homodimers (Table S1). The recruitment of
CoA-Ven in the presence of ERB-mTFP1 at DPP concentrations
that do not activate ERa-RLuclI (black curve, low nanomolar
range) validates the formation of a ternary complex between
CoA-Ven and a receptor heterodimer. Similar results were
obtained with the SRC1 RID (Fig. S5B and Table S2). Further,
ligand titration curves indicate that the recruitment capacity for
CoA-Ven to a-Luc was reduced by half in the heterodimer with
PPT, which binds only ERa, compared with E2 or DPN (Fig.
S5C). This observation is compatible with in vitro structural
studies illustrating a stoichiometry of one CoA motif per re-
ceptor molecule within dimers in live cells (37, 38). Taken to-
gether, these results reveal that heterodimers can achieve
cofactor recruitment in the presence of both types of ER-
selective agonists, although with lower potencies compared
with the targeted homodimer. Moreover, the trimeric ERo—
ERp-CoA BRETFect assay, with a Z factor of 0.528 (Fig. S5D),
was found to be sufficiently robust to be applicable to high-
throughput screens of small-molecule libraries modulating CoA
recruitment by ER heterodimers for research or therapeutic
purposes (39).

BRETFect Is a Versatile Technique to Study Ternary Complex Formation.
To assess whether BRETFect could be applied to other types of
protein complexes, we monitored the formation of ternary com-
plexes involving G protein-coupled receptors. Constitutive di-
merization of many GPCRs has been demonstrated using a diversity
of approaches, including coimmunoprecipitation, protein comple-
mentation assays, FRET, and BRET (40, 41). Engagement of
downstream effectors, including G proteins and f-arrestin, by
GPCR dimers upon agonist stimulation has been revealed for the
chemokine receptor CXCR4 by bimolecular fluorescence comple-
mentation combined with BRET (42) and using synthetic dimerizing
ligands for dimers of the V2-vasopressin receptor (V2R) (43). To
directly monitor the formation of a ternary complex between V2R
dimers and p-arrestin 2 (BArr2) upon activation with the agonist
arginine vasopressin (AVP), we developed a BRETFect assay using
V2R-RLucll, V2R-mTFP1, and BArr2-Venus. As expected, AVP
promoted a significant increase in BRET in the control binary
condition (D + A) (Fig. S64). However, a significant enhancement
of signal output was observed in the D + I + A condition only in the
presence of AVP (Fig. 64 and Fig. S64). These results are con-
sistent with current models of association of pArr2 with a dimeric
receptor following activation by AVP.

Assessing energy transfer between V2R and PArr2 in the ab-
sence or presence of AVP as a function of time indicated that the
AVP induction occurred very rapidly (less than 10 min) either in
standard BRET(550/485) between V2R-RLucll and PArr2-
Venus (Fig. S6B, light blue squares compared with light blue
dots) or in FRET(550/485) between V2R-mTFP1 and pArr2-
Venus (Fig. S6C, green squares vs. green dots). Addition of
the intermediate (V2R-mTFP1) potentiated the BRET(550/485)
signal in the presence of AVP (Fig. S64, dark blue squares vs.
light blue squares) but not in its absence (Fig. S6B, dark blue
dots vs. light blue dots), reflecting the need for AVP for re-
cruitment of PArr2 to a V2R homodimer. Calculation of the
differential BRET signals in the presence vs. the absence of AVP
illustrates the similitude in the kinetics of induction of ternary
interactions assessed by BRETFect (Fig. 6B, dark red curve) vs.
the binary interactions assessed in control BRET conditions
without intermediate (Fig. 6B, light red curve) or in FRET be-
tween V2R-TFP and PArr2-Venus (Fig. 6B, black line), com-
patible with the recruitment of PArr2 to assembled V2R
homodimers. Note that, as in nuclear receptor BRETFect assays
(see above and Fig. S2F), BRET signals in the ternary condition
increased in a saturable dose-dependent manner with the amount of
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Fig. 6. BRETFect detects formation of ternary complexes containing the
GPCR V2R receptor and downstream effectors. (A) BRETFect assays in
HEK293T cells expressing V2R fused to RLucll (donor), beta-arrestin2 fused to
Venus (acceptor), and mTFP1-tagged V2R (intermediate). Delta BRET values
were calculated from net BRET signals in Fig. S6A. (B) Time course of AVP
induction of pArr2 recruitment to V2R in standard BRET (light red), BRETFect
(dark red), or FRET (black) assays. Energy transfer between V2R molecules in
a dimer is also shown in the presence (dark blue) or absence (light blue) of
acceptor BArr2-Venus. Values represent the AVP-induced increase in signal
over nontreated cells, calculated from data in Fig. S6 B and C. (C and D)
BRETFect assays in HEK293T cells expressing BArr2-RLucll (donor), Gy2-Venus
(acceptor), and V2R-mTFP1 (intermediate). (C) Delta BRET values were cal-
culated from net BRET signals in Fig. S6E. (D) Time course of AVP-induced
recruitment of BArr2 to Gy2 in the presence of V2R (BRETFect; dark red) or its
absence (standard BRET; light red). Kinetics of FRET between V2R-mTFP1 and
Gy2-Venus (black line) and of BArr2 recruitment to V2R in the presence (dark
blue) or absence (light blue) of acceptor Gy2-Venus are also shown. Values
represent the AVP-induced increase in signal over nontreated cells, calculated from
data in Fig. S6 F and G. Graphs were prepared from three biological replicates, and
error bars represent the SEM. Statistical significance was analyzed by ANOVA with
a Bonferroni post hoc test. *P < 0.001. No Int, no intermediate; No Acc, no acceptor.

cotransfected intermediate component V2R-mTFP1 (Fig. S6D) and
were entirely dependent on the presence of AVP, as previously
observed (Fig. 64). Finally, using coel-400a, we also monitored the
energy transfer between donor and intermediate components
(BRET485/400; red curves in Fig. S6B). Our results show a lack of
impact of AVP on energy transfer between two V2R molecules, and
a lack of influence of the coexpression of the acceptor BArt2-Venus
on these measurements in the presence or absence of AVP (Fig. 6B,
dark and light blue lines).

We next used BRETFect to assess whether a ternary complex
can be formed between V2R (fused to mTFP1), BArr2 (fused to
RLucll), and the G-protein y-subunit (Gy2; fused to Venus), as
recently proposed by Thomsen et al. (44). In the absence of the
intermediate V2R-TFP, AVP (1 uM) did not induce changes in
BRET signal between pArr2 and Gy2 (D + A) at 20 min (Fig.
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S6E) nor at any time point (Fig. S6F, light blue squares vs. light
blue dots). The observed AVP-insensitive background may be
explained by corecruitment of BArr2 and Gy2 at other GPCRs
expressed in HEK293T cells (Fig. S6F). In contrast, coexpression
of V2R-TFP led to a large AVP-dependent potentiation of the
BRETFect signal at 20 min, indicative of ternary complex for-
mation (Fig. 6C). Ternary complex formation was observed very
rapidly after AVP addition (Fig. 6D, dark red curve; see also Fig.
S6F for individual BRET measurements). This was confirmed
by parallel monitoring of donor-to-intermediate transfer by
BRET(485/400), which enables the detection of AVP-dependent
transfer of energy between PArr2 and V2R at the same time
points in the presence or absence of Gy2-Venus (Fig. 6D, blue
lines). On the other hand, energy transfer between V2R-
mTFP1 and Gy2-Venus detected by FRET(550/495) was essen-
tially stable in time and independent of the presence of AVP
(Fig. 6D, black line and Fig. S6G), consistent with a stable as-
sociation of these two components during the assays. Together,
these results confirm observations of a precoupling of GPCRs to
G proteins (45-48) and of maintained association between V2R
and Gy2 upon AVP-dependent PArr2 recruitment (44).

Taken together, observations generated using our BRETFect
approach provide direct confirmation of the formation of ternary
complexes between GPCRs, G proteins, and p-arrestins upon
ligand stimulation, as recently proposed using a combination of
biochemical and binary BRET approaches (44). Importantly,
these results highlight the versatility of BRETFect as a robust
method to detect ternary complex formation in live cells.

Discussion

BRETFect is a RET assay for the detection of ternary protein
complexes in live cells, based on combined transfer at the pop-
ulation level between a donor protein and an acceptor or an
intermediate protein. The intermediate (herein mTFP1) was
chosen based on its capacity to relay emissions from the lower to
the upper wavelengths in the RLucll emission spectrum for
improved transfer to the acceptor, while minimizing emission in
the acceptor detection channel. The resulting effect of the
presence of the intermediate partner in a ternary complex is
increased energy transfer to the acceptor and, consequently, a
net increase in acceptor/donor BRET signal compared with di-
meric conditions, or to control intermediate proteins (unfused
partner or fusion with mTagBFP2). The choice of detection
channels for the combined transferable output potential from
both the donor and intermediate (CTOP; BP485/40 nm) and for
the acceptor (TTO; LP550 nm) not only improves overall de-
tection of ternary complex formation but suppresses the need for
spectral unmixing. Thus, ternary complex formation can be
evaluated by calculation of a delta BRET signal between the
conditions when all three partners are present simultaneously
and control conditions where the donor is present only with the
intermediate or the acceptor. Similar to other RET approaches,
a limitation of BRETFect can be the lack of detection of an
interaction (false negative) due to steric hindrance from the
fused fluorophores or to their inappropriate orientation. This
problem can be mitigated by adding tags at different ends of the
proteins or within loops (49). In addition, linkers can be used
between the fused proteins to minimize steric hindrance (50).
The BRETFect approach was successfully applied to the study
of ligand-induced assembly of complexes between estrogen re-
ceptors and transcriptional cofactors. A strong potentiation of
the BRET signal for the interaction between a molecule of ERa
and cofactor motifs, domains, or entire proteins was observed
when an additional ER molecule linked to mTFP1 was
cotransfected in the presence of agonists but not upon treatment
with an antagonist, validating the approach for the detection of a
ternary complex between ER dimers and cofactors. Similar re-
sults were observed when monitoring formation of covalent
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complexes formed between ERa dimers and modifier proteins
such as SUMO1/3. Note that signal increase upon addition of the
intermediate is not due simply to changes in the affinity of
the donor for its interaction partners (YFP fusion proteins) in
the presence of the intermediate (ERa or ERp fused to mTFP1),
as equal amounts of WT ERa unfused to the intermediate flu-
orophore (mTFP1) were transfected in the control D + A con-
ditions. In addition, fusing ERa to mTagBFP2, which cannot act
as an intermediate, generated the same results as unfused ERa,
indicating the need for energy transfer via the intermediate for
signal potentiation. Further, nondimerizing receptors fused to
mTFP1 highlighted the specificity of this potentiating effect for
an intermediate fusion protein forming a ternary complex with
the donor and acceptor. Finally, use of noninteracting acceptor
fusion proteins (mutCoA or SUMOI1G) confirmed that signal
amplification does not result simply from emission of the in-
termediate in the acceptor detection channel.

The terminal acceptor proteins used in our BRETFect assays
(eYFP, Venus, and Topaz) are all yellow-shifted derivatives of
GFP and hold the potential for forming low-affinity dimers,
particularly under increased local concentrations due to fusion to
transmembrane proteins or obligate oligomers (19). Although
this may potentially alter the stoichiometry or stability of ternary
complex assembly due to increased protein crowding or steric
hindrance, this should not affect the signal amplification induced
by the mTFP1-fused partner within the complex. Indeed, mTFP1
cannot form low-affinity dimers with the YFP variants used in our
assays, nor can it relay the resonant energy to more than one
YFP per transfer. In addition, monomeric YFP versions obtained
through introduction of the mutation A206K can be used to
address stoichiometry or stability issues (19).

BRETFect differs from SRET in its design, based on com-
bined vs. sequential transfer, reflected in different selections of
donor, intermediate, and acceptor proteins, as well as of the
detection channels for gpectrometric evaluation of complex
formation. When a SRET” setup was used, contaminating signals
from the intermediate in the acceptor channel and the lack of
efficient amplification upon addition of the third partner resul-
ted in weak and aberrant BRET signals in the ternary condition,
failing to demonstrate differential CoA recruitment by an ER
dimer in the presence of an agonist (E2) vs. antagonists (OHT,
ICI). This could not be resolved by subtraction of the signals
obtained for the two pairwise dimeric complexes (D + I and D +
A), and would likely require spectral imaging and linear unmixing
(51), hampering applications to high-throughput screening.

We then validated the use of the BRETFect approach by
assessing recruitment of cofactor/regulator proteins by estrogen
receptor homodimers in a ligand-modulated manner, for exam-
ple, the AF2-interacting CoA peptide, AF1ID, and SUMO
molecules, the latter two having a different interaction pattern
with ERa and ERf homodimers. We further used BRETFect to
characterize the capacity of ERa—ERp heterodimers to interact
with these proteins in live cells. Importantly, BRETFect revealed
that ERo-ERp heterodimers partially preserve ERa-specific
patterns of protein—protein interactions. The observed ligand-
induced recruitment of AF1ID by heterodimers as well as ERa
homodimers, but not ERp homodimers, is consistent with and
provides a mechanism for previous observations of the domi-
nance of the ERa AF1 region in heterodimers in reporter assays
(52). In addition, BRETFect detected modification of hetero-
dimers as well as ERa homodimers, but not ERf homodimers,
by SUMOylation in the presence of SERDs. BRETFect thus
provides a unique approach to dissect ligand-modulated re-
cruitment of cofactors or modifier proteins to heterodimers.

Discovery of ligands regulating formation of specific nuclear
receptor (NR) complexes (e.g., here ERo—ERp heterodimers vs.
ERa or ERP homodimers) represents an important pharmaco-
logical opportunity to modulate NR action in a more targeted
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manner (12, 53), but necessitates the availability of appropriate
assays. Here we show that BRETFect reveals novel aspects of
ERa-ERp heterodimer function, namely their capacity to recruit
CoA AF2-interacting motifs in the presence of either ERa- or
ERp-selective agonists with intermediate potencies compared
with homodimers, likely due to positive allostery between liganded
partners in the homodimer. These results suggest that activation of
heterodimers as well as of the receptor homodimer(s) targeted by
the selective ligand needs to be considered in cells expressing both
receptor types. Further, the robustness of the BRETFect signal in-
dicates the applicability of these assays to high-throughput screens
for drugs specifically targeting ER heterodimer vs. homodimer
species. Note that although transient transfection was used for the
assays described in this manuscript, stable expression of fusion pro-
teins from retroviral or lentiviral vectors would likely minimize var-
iability during arrayed screens. In addition, clonal selection would
ensure more homogeneous expression levels within cell populations
and/or expression levels more comparable to those of the endoge-
nous proteins. Use of a Tet-On bicistronic inducible system for the
intermediate and acceptor would enable adjusting expression levels
of these proteins with respect to the donor levels to reach the sat-
uration part of the interaction curve. The donor may alternatively
be produced via homologous recombination with CRISPR-Cas9-
guided recombination to achieve expression levels closer to the
endogenous protein, provided that these levels of expression are
sufficient for signal detection. Note, however, that this approach
would ideally require recombination of all alleles to prevent com-
petition from unfused proteins for interaction with the in-
termediate and acceptor.

We also provide evidence that BRETFect can be used with
other types of receptors and their effectors. Based on the known
dimeric nature of GPCRs and their recently reported capacity to
interact simultaneously with several effectors, we investigated
the formation of ternary complexes involving the V2R vaso-
pressin receptor. AVP-induced complexes between V2R dimers
and BArr2 and between V2R, pArr2, and Gy2 were readily de-
tected using BRETFect, providing robust assays to study the
assembly of multimeric complexes involving V2R in real time.

Finally, the capacity to measure in parallel binary and ternary
interactions offers a wealth of information on the mechanisms
and kinetics of ternary complex assembly, as illustrated for the
progressive assembly of SUMO3 molecules on preassembled
ERa homodimers, or for the AVP-induced PArr2 interaction
with precoupled V2R-Gy?2.

In conclusion, BRETFect is a robust and broadly applicable
method to monitor a variety of ternary complexes and enable the
development of drugs targeting them, as illustrated here for ter-
nary protein complexes assembled by nuclear receptors or GPCRs.

Materials and Methods

HEK293T cells were maintained and transfected via polyethyleneimine as
described in S/ Materials and Methods. BRETFect and SRET assay transfection
mixes contained 100 ng of RLucll-tagged donor, with 400 ng of mTFP1-
tagged (GFP2-tagged for SRET?) intermediate and 1 pg of Venus-tagged
acceptor (for 1.25 million cells). In BRETFect and SRET control reactions,
the intermediate fusion protein was replaced by unfused ERw/p or V2R, or
alternatively by the same receptors fused to mTagBFP2, to maintain the
total concentration of receptor constant in the D + A controls, and the ex-
pression vector for the YFP acceptor fusion protein was replaced by the
parental vector for unfused YFP (amounts adjusted to generate similar
emission levels) to control for random collisions in the D + | controls. For
spectral analysis of BRETFect, cells were transfected with 250 ng ERa-RLucll,
500 ng ERa-mTFP1 (or untagged ERa or ERa-mTagBFP2), and 750 ng CoA-
Venus (or 750 ng unfused Venus). For BRETFect titration, levels of trans-
fected ERa-mTFP1 remained constant at 400 ng while transfected amounts of
CoA-Venus varied from 0 to 1 pg; alternatively, levels of CoA-Venus were kept
constant at 1 pg and amounts of transfected ERa-mTFP1 or unfused ERa
varied from 0 to 400 ng. DNA concentrations were kept constant with pa-
rental vectors. For BRET, BRETFect, and SRET? experiments, cells were
plated at a density of 125,000 cells per well in 96-well plates. Forty-eight

PNAS | vol. 115 | no.11 | E2661

PHARMACOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1716224115/-/DCSupplemental

hours after transfection, cells were washed with PBS and treated with
specified ligands or vehicle (0.1% DMSO) and incubated at 37 °C for the
specified amount of time. Readings were collected immediately after
coelenterazine addition (5 pM) on a TriStar? Multireader LB 942 microplate
reader (Berthold Technologies) using BP485/40 nm (CTOP) and LP550 nm
(TTO) filters for BRETFect and BP400/70 nm (donor) and BP530/20 nm (ac-
ceptor) filters for SRET2. Fluorescence readings and FRET assays were per-
formed using a FlexStation Il microplate reader (Molecular Devices) with
excitation of mTFP1 at 420 nm and measuring emission of mTFP1 at 495 nm
and of YFPs at 550 nm. Emission spectrum experiments were performed on
a Synergy Neo microplate reader (BioTek) with 800,000 cells per well in
suspension using 2-nm intervals from 400 to 600 nm (see also S/ Materials
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