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SUMMARY: 
GPCR--arrestin interactions are an emerging field in GPCR drug discovery. Accurate, precise and easy to set up methods are necessary to monitor such interactions in living systems. We show a structural complementation assay to monitor GPCR--arrestin interactions in real time living cells, and it can be extended to any GPCR. 

ABSTRACT: 
Interactions between G-protein coupled receptors (GPCRs) and -arrestins are vital processes with physiological implications of great importance. Currently, the characterization of novel drugs towards their interactions with -arrestins and other cytosolic proteins is extremely valuable in the field of GPCR drug discovery particularly during the study of GPCR biased agonism. Here, we show the application of a novel structural complementation assay to accurately monitor receptor--arrestin interactions in real time living systems. This method is simple, accurate and can be easily extended to any GPCR of interest and also it has the advantage that it overcomes unspecific interactions due to the presence of a low expression promoter present in each vector system. This structural complementation assay provides key features that allow an accurate and precise monitoring of receptor--arrestin interactions, making it suitable in the study of biased agonism of any GPCR system as well as GPCR c-terminus ‘phosphorylation codes’ written by different GPCR-kinases (GRKs) and post-translational modifications of arrestins that stabilize or destabilize the receptor--arrestin complex. 

INTRODUCTION: 
GPCRs represent the target of nearly 35% of current drugs in the market1,2 and a clear understanding of their pharmacology is crucial in the development of novel therapeutic drugs3. One of the key aspects in GPCR drug discovery, particularly during the development of biased agonists is the characterization of novel ligands towards receptor--arrestin interactions4 and -arrestin interactions with other cytosolic proteins such as clathrin5. 

It has been documented that -arrestin dependent signaling plays a key role in neurological disorders such as bipolar disorder, major depression, and schizophrenia6 and also severe side effects in some medications such as morphine7. 
 
Current methods used to monitor these interactions usually do not represent actual endogenous levels of the proteins in study, in some cases they show weak signal, photobleaching and depending of the GPCR it might be technically challenging to set up8. This novel structural complementation assay uses low expression promoter vectors in order to mimic endogenous physiological levels and provides high sensitivity compared to current methods9. Using this approach, it was possible to easily characterize Galanin receptor--arrestin1/2 and also -arrestin2-clathrin interactions10. This methodology can be widely used to any GPCR of particular interest where -arrestins play a key physiological function or their signaling is relevant in some diseases.

PROTOCOL: 

1. [bookmark: _Hlk6568806]Primer design strategy

1.1. Design primers to introduce genes of interest into pBiT1.1-C [TK/LgBiT], pBiT2.1-C [TK/SmBiT], pBiT1.1-N [TK/LgBiT] and pBiT2.1-N [TK/SmBiT] Vectors. 

1.2. Select at least one of these three sites as one of the two unique restriction enzymes needed for directional cloning due to the presence of an in-frame stop codon that divides the multicloning site as shown in Figure 111. 

1.3. Incorporate nucleotide sequence into the primers as shown in Table 1 to encode the linker residues shown in red in Table 211. 

1.4. For pBiT1.1-C [TK/LgBiT] and pBiT2.1-C [TK/SmBiT] vectors, make sure that the 5 ́ primer contains an ATG codon and a potent Kozak consensus sequence (GCCGCCACC). 

1.5. For pBiT1.1-N [TK/LgBiT] and pBiT2.1-N [TK/SmBiT] vectors, ensure that the 3 ́ primer contains a stop codon. 

NOTE: Each vector contains the HSV-TK promoter to minimize nonspecific association and reduce experimental artifacts, also each vector has an expression cassette for ampicillin resistance in bacteria.

2. PCR

2.1. Set up and run PCR reactions to amplify the insert DNA of the gene of interest using the primers designed from step 1. It is important to use a high-fidelity DNA polymerase to minimize mutations.

2.2. Use exactly the following order to prepare 50 µL of PCR reaction. Add 35.5 µL of distilled water, 5 µL of 10x Polymerase buffer, 5 µL of dNTP mixture (2.5 mM each), 1 µL of plasmid template (200 ng/µL), 1.25 µL of forward and reverse primers (10 M) and 1 µL of high-fidelity polymerase (5 U/µL). 

2.3. Using a thermocycler set up the following DNA amplification program. 

2.3.1. Denature at 95 °C for 5 min.

2.3.2. Repeat 25 times the following thermal cycle: 95 °C for 30 s, 60 °C for 1 min, 72 °C for 2 min per 1 kbp to be amplified. 

2.3.3. Run a final extension at 72 °C for 10 min.

2.3.4. Hold the samples at 4 °C within the thermocycler. 
 
NOTE: It is highly recommended to use a high-fidelity polymerase in order to minimize point mutations particularly those occurring during the amplification of long sequences. As the amplicon becomes longer, the degree of accuracy in the replication of the DNA decreases. For the PCR reaction, choose the annealing temperature based on the melting temperature of the region where the oligos directly hybridize with the DNA template and not with all the sequence of the primer. 

2.4. PCR product purification

2.4.1. Isolate the PCR product from the rest of the PCR reaction using a kit from a manufacturer of preference12. The PCR product is now ready for restriction digestion.

3. DNA digestion

3.1. For the PCR product digestion prepare 50 μL of digestion reaction as follows.

3.1.1. Using a 1.5 mL tube, add 12 μL of distilled water. 


3.1.2. Add 5 μL of 10x buffer with the best compatibility with both restriction enzymes.

3.1.3. From step 2.4 add 30 μL of PCR product

3.1.4. Finally, add 1.5 μL of each restriction enzyme.

3.1.5. Briefly mix by vortex and incubate at 37.5 °C overnight. 

3.2. For the recipient plasmid digestion prepare 50 μL of digestion reaction as follows:  

3.2.1. Using a 1.5 mL tube, add 23 μL of distilled water.

3.2.2. Add 5 μL of 10x buffer with the best compatibility with both restriction enzymes.

3.2.3. Add 15 μL of recipient plasmid (200 ng/μL).

3.2.4. Add 1.5 μL of each restriction enzyme. 

3.2.5. Briefly mix by vortex and incubate at 37.5 °C overnight. 

NOTE: It is important to use 3 μg of recipient plasmid in order to obtain sufficient material after DNA agarose gel purification. It is also relevant to leave DNA digestions overnight using both enzymes to obtain high cloning efficiency. 
 
4. DNA agarose gel purification and cloning

4.1. Prepare a 1% agarose gel to run the digested DNA plasmid and inserts and proceed to cut the corresponding bands. Once the corresponding vector and insert bands have been purified12, determine the DNA concentration using a spectrophotometer. 

4.2. Perform DNA ligation to fuse the insert to the recipient plasmid.

4.3. Prepare ligation reactions of around 100 ng of total DNA including 50 ng of plasmid vector. 

4.4. Set up recipient plasmid-insert ratio of approximately 1:3; it can be calculated using a vector-insert calculator13. 

4.5. Set up negative controls in parallel. For instance, a ligation of the recipient plasmid DNA without any insert will provide information about how much background of undigested or self-ligating recipient plasmid is present.

5. Transformation of clones

5.1. Place a tube of DH5 competent cells from the freezer at -80 °C and immediately transfer it on ice for 20 min. 

5.2. After that time, take 55 µL of DH5 competent cells and add 4 µL of ligation reaction and mix by flicking the tube and store on ice for 45 min.

5.3. Place the tube in a water bath previously warmed at 42 °C for exactly 48 s and immediately get the tubes back on ice for another 3 min. 

5.4. Add 600 µL of Luria Broth (LB) medium previously warmed at 37.5 °C and incubate with shaking for 1 hour at 200 rpm. 

5.5. Transfer 200 µL into an agar plate containing ampicillin 100 g/mL and gently spread over the surface with the liquid is mostly absorbed. 

5.6. Incubate the plates overnight to see the colonies next morning. The recipient plasmid on the insert plate should have significantly more colonies than the recipient plasmid alone plate. 

6. Isolation of the finished plasmid

6.1. Pick 3-10 individual bacterial colonies and transfer into 1 mL of LB medium containing ampicillin (100 g/mL) and incubate for 6 h. 

6.2. Take 200 µL of bacterial suspension and transfer to 5 mL of LB medium containing the same concentration of ampicillin as in step 6.1 and incubate overnight at 37.5 °C with shaking at 200 rpm.
 
6.3. Using a miniprep DNA kit purification, perform miniprep DNA purifications using 5 mL of LB grown overnight following the manufacturer instructions14.

6.4. To identify successful ligations, set up PCR reactions in the same way as in section 2 using the DNA obtained from step 6.3 as a template with the same primers as in section 2 during the first PCR. Positive clones will produce PCR products with the corresponding size. 

6.5. After large prep DNA purification of the positive clones, conduct a diagnostic restriction digestion of 500 ng of purified DNA with the enzymes used during the cloning step and run the digested products on an 1% agarose gel. There should be two bands: one the size of the vector and one the size of the new insert.

6.6. Verify the construct sequence by sequencing using the following primers: Forward 5’- aaggtgacgcgtgtggcctcgaac-3’ and reverse 5’-gcatttttttcactgcattctagtt-3’. 

NOTE: When DNA is replicated using PCR, there is always the possibility of errors during the amplification even when using a high-fidelity polymerase, therefore is very important to sequence the final constructs. 

7. Transfection and protein expression

7.1. In a previously poly-L-lysine-coated white 96 well plate, perform cell seeding one day before transfection at 2.5 x 104 cells per well using Dulbecco’s modified Eagle’s medium supplemented with 10% of Fetal Bovine Serum, 100 U/mL penicillin G, and 100 μg/mL streptomycin. 

7.2. Use only the 60 inner wells to minimize the potential for thermal gradients across the plate and edge effects from evaporation. Add 200 μL of sterile distilled water to the 36 outside wells and 150 μL in the spaces between wells and incubate overnight at 37.5 °C and 5 % of CO2.

7.3. The following morning perform transfection using 100 ng of total DNA (50 ng each construct).

7.4. Set up four different plasmid combinations (receptor:-arrestin) according to Figure 2b. 

7.5. For each plasmid combination use 20 µL of modified Eagle's Minimum Essential Media buffered with HEPES using 0.3 µL of lipidic transfection reagent per well.

7.6. Add 20 μL of lipidic transfection reagent-DNA mixture to each well and mix the plate in circles for 10 s. 

7.7. Change fresh medium after 6 hr incubation at 37.5 °C and 5% CO2.

7.8. Incubate the plate for 24 h at 37.5 °C and 5 % CO2. 

8. Monitoring receptor--arrestin1/2 interactions in HEK293 cells

8.1. Aspirate medium and add 100 μL of modified Eagle's Minimum Essential Media buffered with HEPES to each well and let the plate stabilize at RT for 10 min.

8.2. Prepare the furimazine substrate by combining 1 volume of 100x substrate with 19 volumes of LCS Dilution Buffer (a 20-fold dilution)11, creating a 5x stock to mix with cell culture medium.

8.3. Add 25 μL of 5x furimazine to each well and gently mix in circles for 10 s.

8.4. Measure luminescence for 10 min for signal stabilization at RT.

NOTE: By using this baseline signal to normalize the response of each well it will help to reduce variability caused by differences in the number of cells plated per well, also differences in transfection efficiency, etc. Once calculated, average the normalized response from replicate wells for a given drug treatment. 

8.5. Prepare 13.5x ligand solution in modified Eagle's Minimum Essential Media buffered with HEPES.

8.6. For experiments at room temperature with 10 µL of 13.5x ligand addition, add the compounds using injectors or a multichannel pipette and mix the plate by hand or using an orbital shaker (20 s at 200 rpm).

8.7. For experiments at 37.5 °C with 10 µL of 13.5x ligand addition, use injectors to dispense compounds and mix by using the instrument orbital shaker. In case of not using injectors, remove the plate from the luminometer, add the ligands and mix the plate by hand or using an orbital shaker (20 s at 200 rpm). 

NOTE: Use injectors and a shaker within the detection instrument to minimize temperature fluctuations associated with removing the plate from the luminometer. Standard benchtop luminometers can be used for this assay. Use an integration time of 0.25–2 s. 

REPRESENTATIVE RESULTS: 
Using the procedure presented here, interactions between a prototypical GPCR and two -arrestin isoforms were monitored. Glucagon like peptide receptor (GLP-1r) constructs were made using primers containing NheI and EcoRI enzyme restriction sites and cloned into the vectors pBiT1.1-C [TK/LgBiT] and pBiT2.1-C [TK/SmBiT] while in the case of -arrestins, two additional vectors were used pBiT1.1-N [TK/LgBiT] and pBiT2.1-N [TK/SmBiT] using enzyme restriction sites BgIII and EcoRI in the case of -arrestin2 and NheI and XhoI in the case of -arrestin1. HEK293 cells were transfected using 50 ng of GLP-1r-LgBiT/SmBiT and 50 ng of -arrestin tagged with LgBiT or SmBiT at the N- or C-terminal. Four different plasmid combinations were screened (Figure 3) and the one with the highest luminescent signal was chosen for further experiments (Figure 4). In order to determine the EC50 values for each -arrestin isoform recruitment, dose response curves were performed using 10 M, 1 M, 100 nM, 10 nM and 1 nM of GLP-1 ligand concentration (Figure 4c). Dose response curves were obtained from the maximum response of each concentration from the kinetic studies (Figure 4a, 4b). 

FIGURE AND TABLE LEGENDS: 

Figure 1. Nucleotide sequences of the multicloning sites of the vectors used in the design of GLP-1r--arrestin1/2 structural complementation assay. In order to develop the structural complementation assay for GLP-1r--arrestin1/2 system, it was necessary to tag at the C-terminal the GLP-1r with LgBiT and SmBiT using the enzyme restrictions NheI and EcoRI at the pBiT1.1-C [TK/LgBiT] and pBiT2.1-C [TK/SmBiT] vector. In the case of -arrestin1/2 they also were tagged with the LgBiT and SmBiT at the C- and N-terminal using the enzyme restrictions BglII/EcoRI for -arrestin2 and NheI/XhoI for -arrestin1 at the four vectors. All vectors use the HSV-TK promoter to minimize nonspecific association and reduce experimental artifacts and each vector contains an expression cassette for ampicillin resistance in bacteria. Image adapted from reference 11.

Figure 2. Schematic representation of the GPCR:-arrestin1/2 structural complementation assay. (a) How the GPCR:-arrestin1/2 structural complementation assay works in the presence of ligand. (b) Structural representation of the different plasmid combinations for the GPCR and -arrestin isoforms tagged with LgBiT or SmBiT. 

Figure 3. GLP-1r/-arrestins orientation screening. In order to obtain the highest sensitivity 4 different plasmid combinations were expressed during 24 h after transfection. Luminescent signals were detected in almost all different plasmid combinations (a-c) except for only one GLP-1r:-arrestin orientation (d). The results are expressed as mean ± S.E.M. of two experiments performed in duplicate; each duplicate was averaged before calculating the S.E.M. The arrows indicate the time at which the cells were treated with GLP-1 at 10 M final concentration.  

Figure 4. GLP-1r--arrestin1/2 interactions are dose dependent manner. Dose dependent ligand relationship of -arrestin2 (a) and -arrestin1 recruitment (b). Dose response curves showing differential recruitment between -arrestin1 and -arrestin2 by GLP-1r (c). The results are expressed as mean ± S.E.M. of two experiments performed in duplicate; each duplicate was averaged before calculating the S.E.M. The arrows indicate the time at which the cells were treated with GLP-1 at the corresponding concentrations (10 M, 1 M, 100 nM, 10 nM and 1 nM, final concentrations). 

Table 1. Sequences of primers for the different restriction enzyme sites in the coding sequence of the linker for the pBiT1.1 and pBiT2.1 Vectors. SI = Sequence of interest; Rev SI = reverse complementary of the sequence of interest. Table adapted from reference 11. 

Table 2. Linker amino acid sequences related with SacI, EcoRI or XhoI restriction sites in the pBiT1.1 and pBiT2.1 Vectors. Red residues have to be encoded by PCR primers. Table adapted from reference 11. 

DISCUSSION: 
Using the method presented here, interactions between any GPCR and -arrestin1/2 can be monitored in real time living systems using this GPCR--arrestin structural complementation assay. In this regard, we were able to observe differential -arrestin recruitment between the two -arrestin isoforms by the GLP-1r (A prototypical Class B GPCR), we also observed a dissociation of the receptor--arrestin complex a few minutes after reaching the maximum luminescent signal. 

In order to have the best sensitivity in the structural complementation assay system, it was screened with four different spatial orientations between the receptor and each -arrestin isoform and the one with highest luminescent signal was used for posterior studies such as dose response stimulation curves (Figure 4). Using this methodology it was possible to characterize receptor--arrestin interactions using a GPCR of high therapeutic value in endocrinological diseases such as Diabetes mellitus15. In the same way this strategy can be easily adapted to any GPCR by simple tagging the GPCR of interest with LgBiT or SmBiT at the C-terminal and using the -arrestin1/2 constructs described here and it emerges as a powerful alternative to current methodologies without the necessity of a complex set up where the overlapping between the donor and acceptor can be an obstacle as in some cases of BRET and FRET. Another significant advantage is that the vectors used in this system contain low expression promoters in an attempt to mimic endogenous expression levels. With this feature, we can rule out the possibility of non-specific associations due to high expression levels of the receptor and/or -arrestin. In Figure 3 and Figure 4,  there is a clear difference in the receptor--arrestin complex between -arrestin1 versus -arrestin2 and also a higher efficacy and intensity towards -arrestin1 over -arrestin2. The screening into four different orientations was proposed to increase the sensitivity of the assay making the system highly sensitive even at endogenous expression levels. 

This methodology is very straight forward to perform. Perhaps the most critical step within this protocol is the primer design to amplify the receptor of interest. The user must be very careful in selecting what restriction enzyme to use according to Figure 1 and based on this to add the corresponding nucleotides to the primers (Table 1) to encode the red highlighted amino acids (Table 2). 

One limitation of this methodology can be that the furimazine will degrade in an aqueous solution at or near physiological pH, leading to a gradual decrease in luminescence intensity independent of any change in GPCR--arrestin interactions16. To overcome this limitation the user should always include a normalization control (vehicle treated samples) when continuously monitoring luminescence for extended time periods. It is also important to use low levels of fetal bovine serum during the assay since its presence it might increase the rate of furimazine degradation16. One problem that may arise during the assay is that for luminescent values for a known GPCR--arrestin interaction can be no significant increase is registered compared to the base line values in all four different plasmid combinations. This can be due to the low expression from the HSV-TK promoter17. In that case, one alternative is to subclone the Open Reading Frames encoding LgBiT and SmBiT fusion proteins into expression vectors using the CMV promoter. When changing to a stronger promoter, optimization of the amount of transfected DNA should be done in order to obtain the best assay response. 

Using this structural complementation assay we were able to observe with great accuracy the -arrestin1/2 recruitment interactions by a prototypical class B GPCR. Using this method, it is possible to pharmacologically characterize novel drugs of particular interest targeting GPCRs.   
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