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Summary

Time-resolved fluorescence resonance energy transfer, TR-FRET, is a time-gated fluorescence 

intensity measurement which defines the relative proximity of two biomolecules (e.g., proteins, 

peptides, or DNA) based on the extent of non-radiative energy transfer between two fluorophores 

with overlapping emission/excitation spectra. In these assays, an excited lanthanide ion acts as a 

“donor” that transfers energy to an “acceptor” fluorophore through dipole-dipole interactions. A 

FRET signal is reported as the ratio of acceptor to donor emission following donor excitation. 

When a donor-conjugated protein interacts with an acceptor-conjugated protein, the donor and 

acceptor fluorophores are brought in close proximity allowing energy transfer from the donor to 

the acceptor resulting in a FRET signal. Because the lanthanide donors have a long emission half-

life, the energy transfer measurement can be time-gated, which dramatically reduces assay 

interference (due to background autofluorescence and direct acceptor excitation) and thereby 

increases data quality. Here, we describe a TR-FRET assay that monitors the interaction of the 

estrogen receptor (ER) α ligand binding domain (labeled with a terbium chelate via a streptavidin-

biotin interaction,) with a sequence of coactivator protein SRC3 (labeled directly with fluorescein) 

and the disruption of this interaction with a peptide and a small molecule inhibitor.
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1. Introduction

The transcription-regulating function of the estrogen receptors (ERs), ERα and ERβ, relies 

on their interaction with coactivator proteins. The best studied coactivators are members of 

the p160 class of steroid receptor coactivators (SRCs) that functionally link ER with 

modification of chromatin structure and activation of the basal transcriptional machinery (1). 
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The interaction of the SRCs with ER is regulated by ligand-induced conformation of the ER 

ligand-binding domain (LBD) where coactivator proteins are bound to ER in the presence of 

agonist ligands, such as estradiol. Thus, it is intuitive that a reliable and robust assay able to 

probe the interaction state of the estrogen receptor with its coactivator protein would allow 

further elucidation of the dynamics of this interaction, as well as provide a tool which could 

be used in high-throughput screening for the identification and development of inhibitors of 

these two biologically relevant proteins.

A number of assays have been developed to study receptor-coactivator interactions. For 

instance, glutathione S-transferase (GST)-pull down and related assays have been used to 

study receptor-coactivator interactions, but these assays are rather labor intensive (2,3). An 

easily employed assay that we (4) and others (5,6) have described is based on the principle 

of fluorescence polarization (FP) and monitors the interaction of a fluorophore-labeled SRC 

LXXLL peptide with the ER LBD. Unfortunately, this assay has low dynamic range and also 

requires high ER concentrations (200 nM), which make accurate determination of Ki values 

difficult and costly. Some groups have reported FRET-based assays (see chapter 17 for more 

details regarding FRET assays) to examine nuclear receptor-coactivator interactions, but we 

have found certain features of these assays make them less than ideal: blocking and washing 

steps, expensive lanthanide-conjugated antibodies (7–9), or expensive biologic fluorophores 

(8).

As we found the state-of-the-art assays that were available to study ER/coactivator 

interactions less than optimal, we developed a TR-FRET assay that is amenable to a high-

throughput screening format (10,11). The assay we developed uses TR-FRET to monitor the 

interaction between the ER LBD labeled (via a streptavidin-biotin interaction) with a 

terbium chelate and a fluorescein-labeled sequence of the SRC3 coactivator protein (see 
Figure 1). Terbium functions as a long-lifetime (ca. millisecond) luminescent donor, and the 

fluorescein serves as the TR-FRET acceptor. This assay is superior to organic dye FRET 

because the emission half-life of fluorescein is short (nsec) relative to that of the terbium 

complex (msec half-life) (12). Background emission stemming from direct excitation of 

fluorescein or endogenous cellular fluorophores can thus be eliminated by pulsing the 

terbium complex at the excitation wavelength and gating the emission with a 50-µsec delay. 

When properly optimized, the TR-FRET method gives a good signal-to-noise ratio and can 

be run in a straightforward, mix-and-measure format with very low concentrations of 

terbium-labeled streptavidin and biotin-labeled ER-LBD.

We note that, in a previous publication (11), we detailed the use of a Cy5-europium pair that 

was developed in collaboration with our colleagues at Emory University. Using this pair is 

advantageous because it allows the monitoring of acceptor emissions at longer wavelengths 

than fluorescein. Autofluorescent compounds found in libraries typically emit at 

wavelengths shorter than 550 nm; thus, when used in a high-throughput format, the Eu-Cy5 

system is a better choice for minimizing false positives arising from interfering emission 

patterns. The reason we have detailed the terbium-fluorescein pair here is because we found 

it to give better signal-to-noise than the Eu-Cy5 pair when using our particular plate reader 

(VICTOR multi-label plate reader) for routine dose-response assays. In general, if an assay 

is needed for a high-throughput screen, we would recommend the Eu-Cy5 pair.
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We have developed this assay and explained in detail below the steps necessary to replicate 

it using ER alpha. We (13–16) and others (17–21) have since generalized the assay to other 

nuclear hormone receptors and coactivator protein segments, and we encourage other users 

to do the same. This does sometimes require fine-tuning of assay component concentrations, 

but, generally, the results are very accurate and reliable.

2. Materials

Prepare all solutions using autoclaved, deionized water and analytical grade reagents. 

Prepare and store all reagents at room temperature (unless indicated otherwise).

1. SRC1-Box II peptide. Store wrapped in foil at −20 °C. (see Note 1)

2. Pyrimidine coactivator binding inhibitor (CBI) 1. Store at −20 °C. (see Note 2)

3. 20 mM solutions of test compounds in DMSO (or DMF). Store at −20 °C.

4. ERα-417-biotin and SRC-3-NRD-fluorescein. Store at −20 °C. (see Note 3)

5. 200 nM fluorescein-SRC-3-NRD. Store at 4 °C (see Note 4).

6. 1 mM solution of 17β-estradiol in DMF. Store at −20 °C.

7. LanthaScreen™ Streptavidin-Terbium (Invitrogen). Store at −20 °C.

8. TR-FRET buffer: 20 mM Tris-HCl, pH 7.5, 0.01% NP40, 50 mM NaCl; adjust pH 

with conc. HCl to pH 7.5 (see Notes 5, 6, 7, and 8)

1The sequence of the SRC1-Box II peptide is NH2-CLTERHKILHRLLQE-CO2H. It was synthesized at a private protein sciences 
facility. Fluorescein labeling was through the N-terminal cysteine residue
2The pyrimidine CBI 1 positive control was synthesized by our laboratory as outlined in references (16,4) below. When designing a 
TR-FRET assay to monitor a desired protein-protein interaction, it is best to include a known positive control.

3The mutant ER protein labeled with biotin and the SRC-3-NRD protein fragment labeled with fluorescein were made in our 
laboratory, as outlined in the references below (16, 22), and stored as a 1:1 glycerol:buffer mixture at −20 °C. When working with 
these proteins, try to minimize the time at room temperature or even on the cooling block. It is also advisable to aliquot these proteins 
so that some can be stored untouched in a freezer without daily disturbance.
4Diluted fluorescein-SRC-3-NRD can be made by diluting stock protein into TR-FRET buffer. It should be made prior to use, and any 
extra should be discarded.
5Stock solutions of 1 M Tris at various pH values are used. For example, to make this buffer, 20 mL of 1 M Tris was added to a 1 L 
bottle with NP40 and NaCl, and filled to 1 L.
6NP40 is very viscous. Take time to ensure correct measurement. Thoroughly rinse the graduated cylinder used for measuring and add 
rinse to the buffer bottle.
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9. 96-well black HE high efficiency microplate (Molecular Devices) (see Note 9)

10. 96-well polypropylene plate (see Note 10)

11. Eight-channel autopipettor with tips (0–20 µL capacity) (see Note 11)

12. Single-channel manual pipettors with tips (0–1000 µL capacity) (see Note 12)

13. VICTOR™ Multilabel plate reader (Perkin-Elmer) (see Note 13)

3. Methods

1. Prepare a 4 × stock solution (Solution A) containing the following components at 

the following concentrations: ERα-417 (8 nM), 17β-estradiol (4 µM), and 

LanthaScreen™ Streptavidin-Terbium (2 nM) in TR-FRET buffer. Keep this 

solution at 0–5 °C (see Notes 14 and 15).

2. In a 96-well colorless polypropylene plate, serially dilute (see Note 16) each 20 

mM solution of test compound, including positive controls pyrimidine CBI 1 and 

SRC1-Box II peptide, using DMF (see Note 17).

3. In a second 96-well colorless polypropylene plate, dilute (see Note 18) the 

previously prepared DMF-diluted test compounds in a 1:10 fashion into TR-FRET 

buffer (see Note 19).

4. Add 10 µL of each of the buffer-diluted compound solutions to a black 96-well 

plate, starting with the highest concentration at the top left hand corner of the plate, 

with decreasing concentrations down the plate. For every compound tested, the 8 

concentration points are tested in duplicate (two full columns for each test 

compound). Add 5 µL of Solution A to each well of the black 96-well plate.

7This concentration was achieved by diluting from a stock solution of 0.5 M NaCl.
8TR-FRET buffer is very stable and can be stored at room temperature.
9Other 96-well, 20-µL plates may work, but we have found these to give optimal results.
10These plates are used for dilution. Any plates that can handle solvents such as DMF or DMSO without breakdown and can 
accommodate the necessary volumes could be used.
11Auto-pipettors with low µL capability reduce the error associated with this assay and are highly recommended.
12Use caution when adding low µL volumes to plates or even to stock solutions. It is very difficult to see if small volumes have been 
added to a black plate. This can be checked using a manual pipettor to aspirate one of the wells and determine the µL volume in the 
well, but it is generally not recommended as some solution will be lost on the pipet tip.
13This assay has been performed on other plate readers with TR-FRET capabilities. Concentrations of reagents may need to be 
adjusted to generate optimal signal-to-noise results.
14This stock solution can be divided into eight wells of a dilution plate so that it can be dispensed into the final black plate using an 
autopipettor.
15This solution should be kept in a cooling block on ice. Any extra should be discarded at the end of the day.
16We prefer eight concentrations for dose-response assays using 1:10 and 1:3 serial dilutions. For example, to make approximately 
100 µL of each concentration point, put 100 µL of 20 mM solution in the first well. Make the second well by adding 30 µL of 20 mM 
stock to 70 µL of DMF. Then serially dilute each of these two wells 1:10 into DMF. In this case, the DMF concentrations would be 20 
mM, 6 mM, 2 mM, 0.6 mM, 0.2 mM, 0.06 mM, 0.02 mM, and 0.006 mM.
17We often use DMF to prepare stock solutions because DMF does not freeze and is not as hygroscopic as DMSO. DMF is, however, 
less inert than DMSO, and, in other systems, it may denature proteins. We have found that, in this assay, either DMSO or DMF can be 
used with no noticeable effect on assay performance.
18For example, add 10 µL of DMF solution to 90 µL TR-FRET buffer. At this point, the compound concentrations are 2000 µM, 600 
µM, 200 µM, 60 µM, 20 µM, 6 µM, 2 µM, and 0.6 µM, with 10% DMF.
19It is not recommended to keep the diluted compounds either in solvent or in buffer. Even with the most careful covering with acetate 
covers and foil wrap, some evaporation does occur, changing the concentration of the compounds. If the dilution plates are to be used 
for several hours, keep covered using a solvent-resistant plate cover and wrap the plate in foil. Keep the plate on a chilled block.
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5. Incubate the plate at 0–5 °C (on a foil-covered ice bucket or in the refrigerator) for 

20 minutes.

6. Add 5 µL of 200 nM fluorescein-SRC-3-NRD to each well of the black plate (see 
Notes 20 and 21).

7. Incubate the plate at room temperature for 1 hr in the dark (see Notes 22, 23).

8. Measure the TR-FRET signal using an excitation filter at 340/10 nm (See Note 24), 

and emission filters for terbium and fluorescein at 495/20 and 520/25 nm, 

respectively, with an acquisition gated with a 50-µsec delay (see Notes 25, 26, 27, 

and 28) (see Figure 2 for an example of data obtained).
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Figure 1. 
Schematic of the time-resolved fluorescence resonance energy transfer (FRET) assay. (Top) 

In general, FRET occurs when an emission wavelength of a donor molecule (D λem; e.g., 

495 nm) overlaps with the excitation wavelength of a nearby acceptor (A λex), resulting in 

an emission signal from the acceptor (A λem; e.g., 520 nm). FRET occurs between the 

streptavidin-terbium (SA-Tb) donor and the fluorescein-steroid receptor coactivator (SRC-

Fl) acceptor when SRC-Fl is recruited to the biotin-labeled estrogen receptor (B-ER) bound 
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with the agonist ligand 17 β-estradiol (E2). (Bottom) In the presence of coactivator binding 

inhibitor (CBI), this assembly is disrupted, and the FRET signal decreases.
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Figure 2. 
Representative data from a fluorescence resonance energy transfer (FRET) assay. By 

plotting the ratio of the emission intensities of the acceptor to the donor (A/D*1000) against 

the log of ligand molar concentration, dose-response curves for displacement of SRC-3-

NRD-fluorescein by the steroid receptor coactivator peptide (left) and pyrimidine 

coactivator binding inhibitor 1 (right) can be generated. Varying the concentration of the 

agonist 17β-estradiol (E2; 500 nM (■) and 50 µM (▲)) has no substantial effect on the IC50 

values of the compounds, implying that these positive control compounds do not compete 

with E2 for the ligand-binding pocket but act by direct displacement of the SRC-3-NRD-

fluorescein.
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