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Chapter 19

Study of GPCR–Protein Interactions Using Gel Overlay 
Assays and Glutathione-S-Transferase-Fusion  
Protein Pull-Downs

Ashley E. Brady, Yunjia Chen, Lee E. Limbird, and Qin Wang 

Abstract

Numerous recent studies have suggested that the predicted cytosolic domains of G protein-coupled 
receptors represent a surface for association with proteins that may serve multiple roles in receptor local-
ization, turnover, and signaling beyond the well-characterized interactions of these receptors with het-
erotrimeric G proteins. This Chapter describes two in vitro methods for ascertaining interactions between 
G protein-coupled receptors and various binding partners: gel overlay strategies and GST-fusion protein 
pull-downs.
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Gel overlays have been used historically to examine proteins whose 
folding is re-achieved following sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), a property that is determined 
empirically. For example, a variety of protein–protein interactions 
have been identified previously using gel overlay strategies, including 
interacting proteins for calmodulin (1) and for cyclic AMP-
dependent protein kinase (called A-kinase anchoring proteins, or 
AKAPs) (2). These approaches have been adapted for studying 
interactions with G protein-coupled receptors (GPCRs) (3, 4).

The overall approach for gel overlay studies is to separate pro-
teins from a mixture (tissue or cell lysates, membrane or cytosolic 
fractions), using SDS-PAGE, renature (or not) the polyacrylamide 
gel, transfer to polyvinylidene fluoride (PVDF) or nitrocellulose 
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membranes, and probe with a radiolabeled ligand or protein, 
 typically created via metabolic labeling in bacteria followed by 
purification, or by in vitro translation, as we describe in this 
Chapter. The term “overlay” is a residual terminology, describing 
very early protocols in which the SDS-polyacrylamide gel was 
probed with radiolabeled ligands (including proteins) resuspended 
in agarose and “overlaid” (and thus immobilized) on the wet poly-
acrylamide gel.

The main variable in current gel overlay protocols that likely 
needs to be optimized for each protein-interacting pair is the 
incubation of the SDS-polyacrylamide gel prior to electrophoretic 
transfer to PVDF or nitrocellulose membranes. Some investigators 
think that renaturation (e.g. in buffer containing urea or non-
denaturing detergents) is essential before transfer; others consider 
that the renaturation incubation should occur after transfer to the 
filter, and some include no incubation step to renature proteins 
following SDS-PAGE. Naturally, optimization of these protocols 
depends on the proteins involved and the  chemical and physical 
properties of their interacting domains.

Glutathione-S-transferase (GST)-fusion proteins provide a 
powerful in vitro tool for detecting direct interactions between 
GPCRs and other accessory or regulatory proteins (5–14). 
The principle of the methodology is that the water-soluble GPCR 
domain of interest (e.g. the third intracellular loop or C-terminal 
tail) for examining protein–protein interactions is fused to GST, a 
dimeric enzyme. Design of “spacer” sequences between the 
cDNA encoding GST and that encoding the GPCR domain 
appears routinely to permit unperturbed folding of the GST and 
the independent fused protein domain. Known quantities of GST 
fusion protein are incubated with a protein mixture of interest 
(e.g. cellular extract) or, alternatively, co-expressed in a target cell 
of interest, and the fused protein is allowed to bind to possible 
interacting proteins. In the case of testing for an interaction with 
a specific protein, the target protein can also be labeled via in vitro 
translation, as described in this Chapter. The incubations (or cells, 
after lysis) are then exposed to glutathione (GSH) conjugated to 
agarose. The GST enzyme binds its substrate, GSH, and proteins 
interacting with its fusion protein are similarly isolated. The 
appropriate control is to compare eluates of GSH-agarose bound 
to GST alone versus those bound to the GST-fusion protein.

  1. TnT rabbit reticulocyte in vitro transcription and translation 
kit (Promega).

 2. [35S]Methionine ([35S]Met, 1,000 Ci/mmol, at 10 mCi/mL).

2. Materials

2.1. Gel Overlay



349Study of GPCR–Protein Interactions Using Gel Overlay Assays

 3. RNasin ribonuclease inhibitor (Promega).
 4. cDNA template. Illustrative example used herein: 3i loop of 

the a2-adrenergic receptor fused to Gen10, a methionine-rich 
viral coat protein (15), referred to here as G10-a2-3i loop.

 5. Nuclease-free water.
 6. 12% SDS-PAGE minigel for analysis of 35S-protein product.
 7. Biological preparation of interest to separate on SDS-PAGE.
 8. PVDF, such as Immobilon-P (0.45 mm) by Millipore (pre-

ferred), or nitrocellulose membranes.
 9. Tris-buffered saline (TBS): 20 mM Tris–HCl, 137 mM NaCl, 

pH 7.6.
 10. Blocking buffer: TBS containing 3% (v/v) Tween 20 and 5% 

(w/v) nonfat powdered milk.
 11. Rinsing buffer: TBS containing 0.1% (v/v) Tween 20 and 5% 

(w/v) nonfat powdered milk.
 12. Tris–glycine transfer buffer: 25 mM Tris base, 192 mM gly-

cine, 20% methanol, pH 8.3.

 1. pGEX-2T, pGEX-4T or other expression vector encoding 
GST prepared for in-frame fusion with DNA sequence 
encoding the protein or domain of interest.

 2. E. coli strain DH5a or BL21 (DE3), or any strain that allows 
for expression of the gene of interest as a GST-fusion protein.

 3. Luria broth (LB) (1 L): 10 g of bacto tryptone, 5 g of Bacto 
yeast extract, 10 g of NaCl, pH 7.0; autoclave for 20 min.

 4. 50–100 mg/mL of ampicillin (or other appropriate antibiotic 
for selection).

 5. Isopropyl-b-d-thiogalactopyranoside (IPTG).
 6. Tris–Triton (TT) buffer: 100 mM Tris–HCl, pH 8.0, 1% 

Triton X-100, 100 mM phenylmethylsulfonyl fluoride 
(PMSF), 1 mg/mL of soybean trypsin inhibitor (STI), 1 mg/
mL of leupeptin, and 10 U/mL of aprotinin.

 7. 1 mg/mL of Lysozyme in TT buffer.
 8. GSH-agarose (Pierce).
 9. 333 mM NaCl in TT buffer.
 10. 0.8 × 4 cm Poly-Prep column (BioRad).
 11. 10 mM GSH (free acid) in TT buffer.
 12. Dulbecco’s phosphate-buffered saline (PBS), sterile: 0.1 g of 

KCl, 0.1 g of KH2PO4, 4.0 g of NaCl, 1.08 g of Na2HPO4 in 
500 mL of double-distilled water (ddH2O), autoclaved.

 13. Tris–Triton binding (TTB) buffer (see Note 1): 50 mM Tris–
HCl, pH 7.4, 0.05% Triton X-100, 10% glycerol, 0.01% 
bovine serum albumin (BSA), and 100 mM PMSF.

2.2. GST-Fusion 
Protein Pull-Down
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 14. BioRad protein assay reagent (cat. no. 500–0006).
 15. 1× Laemmli sample buffer: 62.5 mM Tris–HCl, pH 6.8, 

700 mM b-mercapto-ethanol, 2% SDS, and 10% glycerol.
 16. EN3HANCE™ autoradiography enhancer (PerkinElmer).
 17. Amicon stirred cell with a PM10 (>10,000 Mol Wt) filter 

(Amicon).

 1. Mix the following in an autoclaved microfuge tube: 25 mL of 
TnT lysate, 1 mL of amino acid mix (1 mM, minus methionine), 
2 mL of TnT reaction buffer, and 1 mL of TnT T7 RNA poly-
merase (all reagents provided in TnT kit).

 2. Add 4 mL of [35S]Met (1,000 Ci/mmol, at 10 mCi/mL) and 
1 mL of RNasin ribonuclease inhibitor (40 U/mL).

 3. Add 1 mg of the appropriate cDNA template (presented as 
the circular plasmid DNA in a vector possessing the T7 RNA 
polymerase recognition sequence).

 4. Adjust the volume to 50 mL with nuclease-free water.
 5. Incubate the mixture for 90 min at 30°C.
 6. Stop the reaction by placing the tube on ice.
 7. Analyze and quantify the reaction product by separation of 

precisely 1 mL on a 12% SDS-PAGE minigel.
 8. Dry the gel and visualize bands by autoradiography.
 9. Cut the band corresponding to the estimated probe relative 

molecular mass (Mr) out of the dried gel and count it in scin-
tillant in a b-counter. Determine c.p.m. of total product per 
microliter, which corresponds to c.p.m. of 35S-protein of the 
correct Mr.

 1. Protein aliquots (2.5–3.0 mg/sample) of biological sample 
of interest are separated on an SDS-PAGE preparative gel 
(16-cm long and 1.5-mm thick, see Note 2) using 7.5–20% 
polyacrylamide gradients.

 2. Transfer the resolved proteins to PVDF at 4°C by electropho-
resis overnight at 30 V in Tris–glycine transfer buffer.

 3. Cut the membrane into vertical strips (2–4 mm wide) for gel 
overlay and Western blot analysis.

 4. Block nonspecific binding to PVDF membranes by incuba-
tion for at least 1 h in blocking buffer at room temperature.

 5. Wash PVDF membranes for 30 min in rinsing buffer.

3. Methods

3.1. Gel Overlay Assays

3.1.1. Generation  
of 35S-Labeled Protein  
for Probing Transferred 
Proteins (Example: 35S-3i 
Loop of the a2A-Adrenergic 
Receptor)

3.1.2. Overlay Assay
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 6. Incubate PVDF membrane strips with 300,000 c.p.m. of the 
appropriate amount of [35S]Met-labeled G10-a2-3i loop struc-
ture diluted in 1 mL rinsing buffer for 4 h (to overnight) at 
4°C with constant rocking (see Note 3).

 7. Wash membranes three times for 15 min each with rinsing 
buffer, twice for 10 min with TBS, and air-dry before autora-
diography (see Note 4).

 8. Expose the pressed filter to a PhosphorImager and/or X-ray 
film to permit band identification and quantification.

 1. Subclone the gene of interest into a plasmid designed for 
GST-fusion protein expression (see Note 5).

 2. Transform this plasmid into an E. coli expression strain, such 
as BL21 (DE3).

 3. Use bacteria transformed with this plasmid to inoculate 
25 mL of LB medium containing the appropriate antibiotic 
(e.g. ampicillin at 50–100 mg/mL) to select for the GST-
fusion plasmid.

 4. Incubate this culture overnight (16–18 h) in a shaking incu-
bator (250 r.p.m., 37°C).

 5. Add 25 mL of the overnight culture to 250 mL (1:10 dilution) 
of LB without antibiotic.

 6. Grow bacteria in the shaker (250 r.p.m., 37°C) until the 
optical density (OD) measured at 600 nm = 0.6 (~1.5–2 h).

 7. Add 250 mL of 1 M IPTG (final concentration 1 mM) to the 
bacterial culture to induce expression of the fusion protein.

 8. Continue incubating for 3–6 h (determined empirically for 
optimal production of each GST-fusion protein) in the shak-
ing incubator (250 r.p.m., 37°C).

 9. Centrifuge the samples at 13,500 × g at 4°C for 15 min to 
pellet bacteria.

 10. Discard the supernatant.
 11. Resuspend the bacterial pellet in 20 mL of ice-cold TT buffer 

containing 1 mg/mL of lysozyme and transfer solution to a 
50-mL centrifuge tube.

 12. Sonicate the sample with a probe sonicator for a 30-s burst. 
Place the tube of bacterial preparation in an ice bath, and 
insert the probe into the bacterial suspension two-third from 
the surface.

 13. Allow samples to cool down, and then sonicate for another 
30-s burst.

 14. Repeat step 13.
 15. Centrifuge samples at 39,000 × g at 4°C for 15 min.

3.2. GST-Fusion 
Protein Pull-Downs

3.2.1. Synthesis  
of GST-Fusion Proteins



352 Brady et al.

 16. Collect supernatant and save (GST-fusion protein is in this 
supernatant).

 17. Remove 20 mL of the sample for preliminary analysis of the 
GST-fusion protein product on SDS-PAGE.

 1. Hydrate 300 mg of GSH-agarose powder in 45 mL of ddH2O 
for 30 min with rotation at room temperature.

 2. Centrifuge the tube at 1,000 × g for 5 min to pellet the 
hydrated agarose resin.

 3. Aspirate the ddH2O, leaving approx. 2 mm above the GSH-
agarose.

 4. Equilibrate agarose by adding 20 mL TT.
 5. Centrifuge at 1,000 × g for 5 min to pellet agarose.
 6. Aspirate, leaving approx. 2 mm of TT above the GSH-agarose.
 7. Add enough TT to make a 1:1 agarose:TT slurry.
 8. Add sample (up to 20 mL) to GSH-agarose and mix by inver-

sion at room temperature (30 min) or 4°C (2 h).
 9. Centrifuge at 1,000 × g for 5 min.
 10. Remove sample, leaving approx. 2 mm of buffer above the 

GSH-agarose (retain the sample to assay for proteins not 
adsorbed to GST-fusion protein).

 11. Wash the resin twice with 6 mL of TT.
 12. Centrifuge and aspirate the sample, leaving approx. 2 mm of 

buffer above the GSH-agarose.
 13. Wash the resin with 3 mL of 333 mM NaCl in TT.
 14. Centrifuge and aspirate the wash as described in step 12.
 15. Wash the resin with 6 mL of TT.
 16. Centrifuge and aspirate the wash as described in step 12.
 17. Add 2 mL of TT.
 18. Transfer the mixture to a 0.8 × 4 cm Poly-Prep column 

(see Note 6).
 19. Add 2 mL of TT to collect residual resin and transfer this to 

the column as well.
 20. Aspirate the wash buffer from the surface of the settled resin 

using a 27-guage needle (see Note 7).
 21. To elute the fusion protein, add 3 mL of 10 mM GSH in TT 

buffer to the resin in the Poly-Prep column. Rotate at room 
temperature for 10 min and collect the flow-through in a 
sterile tube.

 22. Separate the free GSH from the fusion protein by dialysis or 
by several cycles of concentration-dilution in an Amicon 
stirred cell using sterile PBS or TTB buffer.

3.2.2. Purification  
of GST-Fusion Proteins
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 23. Resuspend GST-fusion protein to a final volume of approx. 
2 mL and assay protein concentration using the BioRad 
 protein assay reagent (according to the manufacturer’s 
instructions).

 1. Add increasing amounts of GST (control) or GST-fusion 
 protein (see Note 8) to 50 mL of GSH-agarose (1:1 slurry 
equilibrated with TTB buffer) in a total volume of 235 mL.

 2. Incubate with rotation for 2 h at 4°C.
 3. Add 15 mL of 35S-labeled a2AR-3i loop (31,000 c.p.m.; 

 estimated as 2.3 × 10−11 M).
 4. Rotate for 2–16 h at 4°C via inversion in a 1.5-mL microcen-

trifuge tube.
 5. Collect the resin by microcentrifugation.
 6. Wash resin three times with 1 mL of TTB by resuspension 

and recollection of the resin by centrifugation.
 7. Determine the amount of the 35S-labeled a2AR-3i loop bound 

to GST versus GST-fusion protein by elution into 1× Laemmli 
sample buffer and separation of samples by SDS-PAGE 
(see Note 9).

 8. Treat gels with EN3HANCE™ (PerkinElmer) according to 
the manufacturer’s instructions prior to drying the gel to 
facilitate detection of 35S-labeled bands by autoradiography.

 9. Determine the quantity of bound protein by cutting the 
appropriate gel bands (e.g. corresponding to the 35S-labeled 
a2AR-3i loop) from the dried gel and counting in scintillant 
in a b-counter.

 1. NaCl can be added to this buffer up to 200 mM. However, 
the actual NaCl concentration should be titrated for each 
 specific protein interaction studied. Detection of the interac-
tion between spinophilin and a2AR-3i loops was optimal in 
the absence of NaCl.

 2. A preparative gel has two lanes. One narrow lane is at the far 
edge for running a molecular weight standard. The remainder 
of the gel consists of a wide lane that spans the entire length 
of the gel, so the sample is continuous over the entire membrane 
once transferred. Prestained molecular weight markers should 
be run in the narrow lane to permit estimation of the approxi-
mate molecular weights of the proteins identified by gel 
overlay analysis.

3.2.3. GST Pull-Down 
Assay (Illustrative Example 
of Saturation Binding  
of 35S-a2AR-3i Loop to 
GST-Spinophilin 151–444)

4. Notes
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 3. Based on the concentration of methionine contributed to 
the [35SsMet-labeling reaction by the rabbit reticulocyte 
lysate (5 mM) and the specific activity of the [35S]Met radio-
label, we estimate that 300,000 c.p.m. of Gen10-a2AR-3i 
loop represents 5–10 pmol of probe.

 4. The number of washes, temperature of wash, and duration of 
wash can be modified to enhance the signal and minimize 
background.

 5. For example, the pGEX-4T vector from Promega.
 6. Use a pipette tip with the end cut off so as not to damage the 

agarose.
 7. The wash buffer can be thoroughly aspirated by briefly 

touching the surface of the resin with a 27-gauge needle 
attached to a vacuum source. The resin will not be disturbed, 
because of the small diameter of the needle.

 8. A quantity of 0.00034–34 mg of the fusion protein represents 
2.34 × 10−11 to 1.77 × 10−6 M of this particular fusion protein 
in the incubation. Examining binding over a range of GST-
fusion protein concentrations allows examination of the 
saturability of binding to the GST-fusion protein. Specificity 
is evaluated by “competition” studies with various “competi-
tors” to determine their ability to bind 35S-a2AR-3i loop, and 
thus diminish the quantity of radioligand available for interac-
tion with the GST-fusion protein. To assess the relative 
affinity of these “competitors” with spinophilin for the 3i 
loop, spinophilin itself is included as one of the competitors. 
Incubate 5 mg of GST or GST-Sp151-444 with 20 mL of 
GSH-agarose slurry for 2 h at 4°C. Increasing amounts 
(0–16 mL) of in vitro-translated Sp151-444 or other “com-
petitors” can be mixed with rabbit reticulocyte lysate to reach 
a total volume of 16 mL and are then added to each incuba-
tion together with 6,000 c.p.m. (estimated as 9.2×10−12 M) 
of 35S-labeled 3i loop with a total reaction volume at 120 mL. 
After 2 h of incubation at 4°C, resins are washed and eluted. 
The 35S-3i loop in the eluate is separated and quantified as 
described in Subheading 3.2.3, steps 7–9. In these experi-
ments, GST-fusion protein (the “receptor”) is in excess of the 
35S-a2AR-3i loop (ligand) and thus the relative affinity of 
competitors can be compared, but true thermodynamic 
 constants for the interaction cannot be obtained.

 9. The percent acrylamide in the gel, with or without a gradient, 
is determined empirically for optimally resolving proteins in 
eluates; use 12% SDS-PAGE to identify 35S-labeled a2AR-3i 
loops.
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