
Development of Bimolecular Luminescence Complementation 
Assay for RGS: G protein Interactions in Cells

Christopher R. Bodlea, Michael P. Hayesb, Joseph B. O’Brienc, and David L. Romand,e,f

aDepartment of Pharmaceutical Sciences and Experimental Therapeutics University of Iowa, 115 
S. Grand Avenue S338 PHAR, Iowa City, Iowa, 52242, USA. christopher-bodle@uiowa.edu

bDepartment of Pharmaceutical Sciences and Experimental Therapeutics University of Iowa, 115 
S. Grand Avenue S338 PHAR, Iowa City, Iowa, 52242, USA. michael-p-hayes@uiowa.edu

cDepartment of Pharmaceutical Sciences and Experimental Therapeutics University of Iowa, 115 
S. Grand Avenue S338 PHAR, Iowa City, Iowa, 52242, USA. Joseph-obrien-1@uiowa.edu

dDepartment of Pharmaceutical Sciences and Experimental Therapeutics University of Iowa, 115 
S. Grand Avenue S327 PHAR, Iowa City, Iowa, 52242, USA. david-roman@uiowa.edu

eCancer Signaling and Experimental Therapeutics Program, Holden Comprehensive Cancer 
Center, University of Iowa Hospitals and Clinics, Iowa City, Iowa, USA. david-roman@uiowa.edu

Abstract

Cell based assessment tools and screening platforms are the preferred paradigm for small molecule 

identification and validation due to selectively identifying molecules with cellular activity and 

validation of compound activity against target proteins in their native environment. With respect to 

Regulator of G Protein Signaling (RGS) proteins, current cell based methodologies are either low 

throughput or monitor downstream signaling consequences. The increasing number of reports 

indicating RGS function in various disease pathogeneses highlights the need for a robust RGS 

inhibitor discovery and characterization paradigm. Promega’s NanoBit Protein Complementation 

Assay utilizes NanoLuc, an engineered luciferase with enhanced luminescence characteristics 

which allow for both robust and kinetic assessment of protein interaction formation and disruption. 

Here we characterized 15 separate RGS: G protein interactions using this system. The binding 

profile of RGS: Gα interactions correlates to prior published biochemical binding profiles of these 

proteins. Additionally, we demonstrated this system is suitable for high throughput screening 

efforts via calculation of Z-factors for three of the interactions and demonstration that a known 

small molecule inhibitor of RGS4 disrupts the RGS4: Gαi1 protein-protein interaction. In 

conclusion, the NanoBit Protein Complementation Assay holds promise as a robust platform for 

discovery and characterization of RGS inhibitors.
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Introduction

G protein-coupled receptors (GPCRs) are responsible for the initiation of a wide range of 

cellular signaling processes in response to stimuli. These processes propagate signaling 

events through both heterotrimeric guanine nucleotide binding proteins (G proteins) and β-

arrestins (Wisler, Xiao et al. 2014). Regulator of G protein Signaling (RGS) proteins 

temporally regulate heterotrimeric G protein signaling cascades elicited by GPCR activation 

by acting as GTPase accelerating proteins (GAPs) for active, GTP-bound Gαi/o and Gαq 

proteins. Formation of a protein protein interaction between RGS and Gα stabilizes the Gα 
transition state, accelerating cleavage of the γ phosphate of GTP and returning Gα to the 

GDP-bound, inactive state (Tesmer, Berman et al. 1997). As modulators of G protein 

signaling, RGS proteins have been implicated in a number of disease states that involve 

GPCR signaling. RGS6, for example, has been implicated in anxiety and depression 

(Stewart, Maity et al. 2014), RGS4 plays a role in Parkinson’s Disease and pain (Garnier, 

Zaratin et al. 2003, Lerner and Kreitzer 2012), and RGS17 overexpression can support 

survival of lung, prostate, breast, and hepatocellular carcinomas (James, Lu et al. 2009, 

Sokolov, Iannitti et al. 2011, Li, Li et al. 2015). Some RGS proteins have been implicated in 

pathologies due to interactions with proteins other than Gα. RGS6 plays a role in 

doxorubicin mediated cardiotoxicity and cardiomyopathy, as well as cytotoxicity leading to 

cardiomyopathy and hepatic cirrhosis associated with chronic alcohol consumption, 

independent of Gα binding (Yang, Maity et al. 2013, Stewart, Maity et al. 2015). The role 

RGS proteins play in a variety of disease states has been recently reviewed by several groups 

(Hurst and Hooks 2009, Sjogren 2011, Stewart, Maity et al. 2015, Hayes and Roman 2016).

As the importance of RGS proteins in disease pathogenesis emerges, targeting of RGS 

proteins with small molecules has gained attention. Early efforts to identify RGS inhibitors 

relied on flow cytometry-based biochemical screens. These efforts ultimately led to the 

discovery of CCG-50014, an RGS4 selective inhibitor with nanomolar potency that acts by 

covalently modifying cysteine residues (Roman, Ota et al. 2009, Blazer, Zhang et al. 2011). 

Recent reports have shown CCG-50014’s ability to reduce neuropathic hyperalgesia in vivo 
(Bosier, Doyen et al. 2015) and enhance opioid-mediated analgesia in vivo (Yoon, Woo et al. 

2015). Furthermore, treatment of mice with CCG-50014 analog CCG-203769 caused a 

reversion of raclopride induced akinesia and bradykinesia, demonstrating reduction of 

Parkinsonian behaviors (Blazer, Storaska et al. 2015). A growing body of evidence provides 

validation for targeting RGS proteins for therapeutic intervention.

Techniques used to identify small molecule inhibitors of RGS proteins have focused 

primarily on biochemical methods, with published assays to assess protein-protein 

interactions between the RGS and Gα (Proximity assays i.e. ALPHAScreen, FRET, TR-

FRET, etc) as well as functional assays measuring GAP activity of the RGS (Roman, Talbot 

et al. 2007, Roman, Ota et al. 2009, Roof, Roman et al. 2009, Mackie and Roman 2011, 
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Monroy, Mackie et al. 2013). The techniques developed for cell based assessment of 

inhibitor function or primary discovery are far fewer. Blazer et al. demonstrated the ability 

of CCG-50014 to inhibit RGS4’s interaction with its cognate G protein alpha subunit in cells 

by examining changes in sub-cellular localization of a GFP-RGS4 fusion protein upon 

compound treatment (Blazer, Zhang et al. 2011). A calcium signaling assay has also 

successfully been used in a high throughput screen for inhibitors of RGS4 (Storaska, Mei et 

al. 2013). Cell based screening methods have several advantages over biochemical methods, 

including presenting targets in their native environment, and providing a cellular activity 

filter on primary hit compounds – a process that avoids the discovery of biochemical 

inhibitors with physicochemical properties that make them membrane impermeable or 

otherwise inactive in a cellular context. However, use of the cell based methods described 

above for discovery efforts presents its own challenge, such as expensive specialized 

equipment and necessity to determine compound target specificity.

Development of an assay broadly applicable to all RGS proteins may be advantageous in 

that it could allow for the high throughput comparison of small molecule selectivity among 

RGS proteins in a cellular context. Unfortunately, a recurrent theme in previously identified 

RGS inhibitors is reactivity with cysteine residues (Roman, Ota et al. 2009, Blazer, Zhang et 

al. 2011, Storaska, Mei et al. 2013, Vashisth, Storaska et al. 2013), so a system that allows 

for the use of cysteine-less RGS mutants (or other point mutants) to investigate compounds’ 

mechanisms of action without the need to biochemically purify those mutant proteins would 

be beneficial. Finally, the method should be amenable to the interrogation of RGS: protein 

interactions beyond RGS: Gα interactions. For example, RGS6 belongs to the more complex 

R7 family of RGS proteins, a hallmark of which is the formation of an obligatory 

heterodimer between the G protein gamma like (GGL) domain of the R7 RGS and the 

atypical Gβ protein Gβ5 (Snow, Krumins et al. 1998, Snow, Betts et al. 1999). As formation 

of a RGS6L: Gβ5 heterodimer is essential for the stability and expression of RGS6, it has 

been hypothesized that a therapeutic agent targeting this interaction would act to inhibit all 

RGS6 mediated signaling cascades be they Gα protein dependent or independent (Chen, 

Eversole-Cire et al. 2003). An assay that is amenable to the assessment of multiple types of 

RGS: protein interactions will allow for mechanistic characterization of compound effect on 

multiple signaling pathways.

The NanoBit protein complementation assay (Promega, Madison, WI) (Dixon, Schwinn et 

al. 2016) utilizes an engineered luciferase, called NanoLuc, which boasts increased and 

sustained luminescence compared to other luciferase systems (Hall, Unch et al. 2012). The 

NanoLuc enzyme is separated into two fragments, an 18kDa large bit (LB) and a 1.3kDa 

small bit (SB) (Dixon, Schwinn et al. 2016). To assess a protein interaction pair, plasmids 

are constructed to express eight separate fusion proteins, whereby the LB and SB are located 

on either the N or C terminus for each protein (Figure 1). An optimal arrangement can then 

be determined that will allow the LB and SB to form a complete, competent, enzyme when 

the protein pair of interest forms a protein-protein interaction. The intrinsic affinity of the 

LB and SB is 190 µM, which is greater than the typical range of protein interaction 

affinities, so the affinity of LB for SB will not drive an interaction together i.e. if a protein 

interaction is detected it is due to the interaction of the proteins of interest and not an artifact 

of the affinity of LB for SB (Dixon, Schwinn et al. 2016). Additionally, the glow kinetics 
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unique to the enzyme allows for a kinetic assessment of the formation and disruption of 

protein-protein interactions in real time (Dixon, Schwinn et al. 2016).

Here we present the development of this cellular protein complementation assay using RGS4 

and RGS17 as representative RGS proteins. We also advance the development of the assay 

to include 10 additional RGS proteins, and one mutant RGS protein, and characterize them 

in this system for interactions with Gαi1 and, for RGS2, Gαq. Additionally, we demonstrate 

that this technology can be expanded to monitor interactions with RGS proteins and proteins 

other than Gα proteins. Finally, we show that this technology can be adapted for high 

throughput screening.

Materials and Methods

Construction of NanoBit Vectors

Human RGS1, 2, 6, 7, 10, 14, 16, 17 and 18 DNA constructs were based on the G protein 

binding domain, or RH domain, sequences described by the Structural Genomics 

Consortium (Soundararajan, Willard et al. 2008). RGS4 utilized rat DNA corresponding to 

RH domain residues 51-179. Human RGS5 and RGS8 constructs corresponding to RH 

domain residues 53-181 and 45-180, respectively, were employed. Gαi1, Gαq, RGS6Lα2, 

and Gβ5 DNA used coded for full-length human proteins.

RGS4-RH, RGS17-RH, RGS6Lα2, Gβ5, Gαi1 and Gαq DNA was cloned in to each of the 

four NanoBit vectors as described in manufacturers protocols. Restriction sites utilized were 

as follows: XhoI and NheI for RGS4, RGS6Lα2, Gβ5, and Gαq; EcoRI and Bgl II for 

RGS17; and XhoI and SacI for Gαi1. The remaining RGS-RH DNA was cloned in to vectors 

pBiT1.1-C and pBiT1.1-N (C and N terminal large bit fusions) only. Restriction sites 

utilized were as follows: NheI and SacI for RGS1; XhoI and SacI for RGS2, RGS10, and 

RGS14; XhoI and NheI for RGS5, RGS6, RGS7, RGS8, RGS16, RGS18, and cysteine-less 

RGS4 (C71A, C95A, C132A, C148A). Proper plasmid construction was confirmed by 

Sanger Sequencing (Iowa Institute of Human Genetics, University of Iowa). For clarity, the 

constructs will be referred to as follows. Fusion constructs with the NanoBit protein 

fragments on the N-terminus of the protein of interest will be represented as ‘LB-protein of 

interest’ or ‘SB-protein of interest’ for large and small bit respectively. Constructs with the 

bit pieces on the C-terminus of the protein of interest will be represented as ‘protein of 

interest-LB’ or ‘protein of interest-SB’ for large and small bit respectively (Figure 1).

Assessment of Vector Combinations for Protein Interaction Pairs

Prior to plating, 96-well half area clear bottom white plates (Corning 3885) were coated with 

poly-D-lysine and allowed to dry overnight. HEK293T cells were then plated at 20,000 cells 

per well and allowed to adhere overnight at 37°C in 5% CO2. Cells were then transfected 

using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA) per manufacturer 

protocols.

40-44 h post-transfection, media was aspirated and replaced with 40 µl Hank’s Balanced 

Salt Solution (HBSS) (Thermo Fisher Scientific, Waltham, MA) supplemented with HEPES 

pH 7.2-7.5 (Life Technologies, Carlsbad, CA) at a final concentration of 20 mM. A 5X stock 
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of NanoGlo Live Cell Reagent was prepared per manufacture protocols in a reduced light 

environment and added to the wells of the assay plate at 10 µl per well. The assay plate was 

then read on a Synergy 2 plate reader (BioTek, Winooski, VT) in luminescence mode.

For RGS: Gα interactions, the first 30 min of read time were in the absence of any 

stimulation, and represent the baseline read. After the baseline read, wells were either 

treated with an aluminum fluoride salt solution to achieve final concentrations of 6.67 mM 

NaF and 83.33 µM AlCl3 (hereafter referred to as AlF4) or HBSS (vehicle) and signal was 

monitored for the duration of the read. Data analysis was performed using GraphPad Prism 

7. For RGS: Gα interactions, area under the curve (AUC) analysis was used to quantify the 

difference in luminescence signal between AlF4 treated and vehicle treated conditions from 

the point of AlF4 addition to the end of the kinetic read (60 min total). Non-linear fit 

analysis using the equation Y=Bottom + (Top-Bottom) / (1+10^((LogEC50-X)*HillSlope) 

with no constraints was used to determine the time to 50% signal post AlF4 addition, where 

the values for Top and Bottom refer to the plateaus of the curve.

Treatment with small molecule inhibitor 6383479

Plates and cells were treated as described above. The transfection pair used was LB-RGS4: 

SB-Gαi1 or SmBit-PRKACA: LgBit-PRKAR2A control vectors, with transfection 

preparation as described above. 30 min post AlF4 addition, wells were treated with either 

6383479 (final concentration of 31.6 µM, 0.32% DMSO) or vehicle (HBSS, 0.32% DMSO) 

and the plate was monitored for an additional 60 min. Effect of compound treatment was 

calculated via AUC analysis from point of compound addition to end of read.

Z-factor Determination

Plates were prepared and cells plated as described above. 48 wells were transfected with the 

optimized DNA pairs, and 48 wells were transfected with the respective LB-fusion and 

negative control vector in a similar manner as described above. For RGS: Gα interaction 

pairs, a 10X stock of NanoGlo Reagent was prepared and added to wells of the assay plate at 

10 µl per well resulting in a 2X final concentration. For the RGS6L: Gβ5 interaction pair, a 

5X stock of NanoGlo Reagent was prepared and added to wells of the assay plate at 10 µl 

per well resulting in a 1X final concentration. Assay plates were then read on a Synergy 2 

plate reader for the indicated time in luminescence mode. For RGS: Gα interactions, the first 

15 min of a read were in the absence of any stimulation, and represent the baseline read. 

After the baseline read, wells were either treated with AlF4 or vehicle and signal was 

monitored for the duration of the read. Data analysis was performed using GraphPad Prism 

7.

Results

Determination of Optimized Protein Complementation Pairs for RGS4 and RGS17 with Gαi1

Appropriate combinations of RGS, Gα, and control vectors were co-transfected into 

HEK293T cells as described above and the interaction monitored over a period of 90 min 

(Figure 2A). Addition of AlF4 promotes formation of Gα: GDP: AlF4 complex, which 

mimics the Gα transition state and promote the high affinity RGS: Gα interaction (Kleuss, 
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Raw et al. 1994, Berman, Kozasa et al. 1996, Tesmer, Berman et al. 1997). Not surprisingly, 

addition of AlF4 resulted in a robust signal increase over vehicle treated wells for all 

conditions tested (Figure S1). All interaction pairs were tested for the first two trials, with 

only the optimal four conditions for each RGS being tested for the third trial. Determination 

of optimal conditions was based on the net signal increase and the fold signal amplification 

in response to AlF4 addition (Figure S1).

The four optimal pairs for each were assessed via AUC analysis (Figures 2B-2F). The 

combinations of LB-RGS: SB-Gαi1, RGS-SB: LB-Gαi1, and RGS-LB: SB-Gαi1 were 

identified as three of the four optimal combinations for both RGS4 and RGS17. For RGS4, 

the four optimal vector pairs included the three listed above and RGS4-LB: Gαi1-SB. These 

resulted in a similar net signal increase in response to AlF4 treatment (Figure 2C), however 

one vector pair (LB-RGS4, SB-Gαi1) demonstrated greater fold signal amplification over 

vehicle treated control (Figures 2D). This vector pair was determined to be the optimal pair 

for RGS4. The vector pair LB-RGS17, SB-Gαi1 resulted in the greatest response to AlF4, 

and comparable signal amplification as the other vector conditions (Figure 2E, 2F). Since 

identical vector conditions (LB-RGS, SB-Gαi1 protein) resulted in the best responses for 

both RGS4 and RGS17, it was decided to move forward using this vector pairing.

Characterization of RGS: Gαi1 Interactions

As protein interaction analysis of both RGS4 and RGS17 with Gαi1 identified the same 

vector combination as the optimized pair, a panel of 11 additional RGS RH domains was 

interrogated using this same vector pairing, where the RGS is tagged with LB on the N 

terminus. 10 of the 11 protein interaction pairs exhibited a response to addition of AlF4, with 

the only RGS not presenting a response being RGS2, which was expected as RGS2 is known 

to only interact with Gαq (Figure S2) (Soundararajan, Willard et al. 2008).

Analysis of the signal increase in response to AlF4 addition allowed for separation of 

response in to two distinct groups (Figure 3A). RGS1, RGS4, RGS5, RGS8, RGS10, 

RGS14, RGS16, RGS17, RGS18 and cysteine-less RGS4 produced the greatest net signal 

increase over vehicle treated control, while RGS6 and RGS7 produced a minimal response. 

The apparent response for RGS2 is a consequence of variation in low signal conditions, 

where the average signal for AlF4 treatment happens to rise above baseline. Examination of 

the response curves (Figure S2) demonstrates that the AlF4 and vehicle treated conditions 

for RGS2 are highly overlapping, such that no significant interaction of RGS2 with Gαi1 is 

detectable. Assessing the rate of formation of the RGS: Gα interaction in response to AlF4 

by calculation of time elapsed to 50% response (Figure 3B, 3C, Table 1) allows for the 

binning of response into two groups, where the slowest rate of formation in the more rapid 

response group has no overlap with the fastest rate of formation in the gradual response 

group at the 95% CI. RGS1, RGS4, RGS5, RGS8, RGS10, RGS16, RGS18, and cysteine-

less RGS4 all demonstrate the most rapid rate of RGS: Gα interaction formation in response 

to AlF4 stimulus. RGS6, RGS7, RGS14, and RGS17 exhibit a slower rate of protein 

interaction formation. Analysis of the two response groups indicates that the rate of protein 

interaction formation is, to a degree, independent of the magnitude of response. For 

example, RGS17 exhibits a net signal increase in response to AlF4 that is 2.8 and 6.3 fold 
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greater than RGS6 and RGS7 respectively, yet has an overlapping rate of RGS: Gα 
interaction formation with these two RGSs.

Detecting RGS2: Gαq Interaction

The R4 RGS protein RGS2 is unique in that it only interacts with Gαq (Heximer, Watson et 

al. 1997). Since the ability to test small molecules for inhibition of this RGS would 

advantageous, interaction of RGS2 and Gαq was investigated using the NanoBit system. A 

robust increase in signal was detected for the RGS2: Gαq interaction when cells were treated 

with AlF4 (Figure 3D). The rate of formation of the RGS2: Gαq interaction was investigated 

in the same manner as RGS: Gαi1 interactions. Although these interactions use different Gα 
protein partners, the RGS2: Gαq interaction forms at the slowest rate of any of the protein 

interactions tested (Figure 3E, Table 1).

RGS4: Gαi1 Interaction Disrupted by Compound 6383479

Having shown that the interaction between RGS proteins and Gαi1 is detectable using this 

system, we tested if the interaction could be disrupted with a known RGS4 inhibitor, 

6383479 (Storaska, Mei et al. 2013) (Figure 4A). Addition of 6383479 resulted in an 83% 

decrease in luminescence signal compared to vehicle as calculated by AUC. To ensure this 

was due to disruption of the RGS4: Gαi1 interaction and not due to inhibition of the assay, 

the constitutive positive control pair of the catalytic and regulatory domains of PKA 

(PRKACA and PRKAR2A respectively) was tested with 6383479. This pair retained 73% of 

vehicle treated signal, indicating reduction observed for RGS4: Gαi1 is specific for the RGS: 

Gα pair and not due to assay interference. (Figure 4B). This demonstrates that the 

identification of potential RGS inhibitors via disruption of the RGS and Gα interaction is 

observable using this system.

Observation of the RGS6Lα2: Gβ5 Interaction

RGS6 is capable of interacting with, and therefore eliciting signaling through proteins other 

than Gα subunits (Liu, Chatterjee et al. 2002, Liu and Fisher 2004, Maity, Yang et al. 2011). 

Here, we analyzed the RGS6Lα2: Gβ5 interaction using the NanoBit system (Figure 5A). 

Only combinations where both bit pieces were on either the N or the C termini of both 

proteins produced a luminescence signal. The interactions producing the greatest signal 

consisted of large bit-RGS6L fusions and small bit-Gβ5 fusions (Gβ5-SB: RGS6L-LB and 

SB-Gβ5: LB-RGS6L). To prove that the interaction was due to one of the accessory domains 

and not due to an interaction with the RH domain of RGS6Lα2, we tested the combinations 

of LB-RGS6RH: SB-Gβ5 and RGS6RH-LB: Gβ5-SB (Figure 5B). As expected, these 

combinations did not produce a luminescence signal above baseline.

Suitability of NanoBit Platform for RGS Screening Assays

Having demonstrated the use of this protein complementation assay allowed for the 

characterization of RGS: Gα interactions as well as the assessment of the RGS6L: Gβ5 

interaction, we assessed the amenability of the system to high throughput screening, 

determined via calculation of a Z-factor given by the equation:
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Where σp and σn represent the standard deviations of the positive and negative controls 

respectively and µp and µn represent the averages of the positive and negative controls 

respectively (Zhang, Chung et al. 1999). 96 well full plate Z-factors were calculated for 

RGS6RH: Gαi1 (Figure 6A-B), RGS8RH: Gαi1 (Figure 6C-D), and RGS6Lα2: Gβ5 (Figure 

6E-F) protein-protein interactions. Since the NanoBit system allows for a kinetic 

measurement, the robustness of the assay over time was assessed. Initial experiments with 

RGS6RH and RGS8RH and 1X final NanoGlo Live Cell Reagent did not produce a Z-factor 

that is considered acceptable for a high throughput screening campaign, with Z-factors of 

0.39 and 0.44, respectively (data not shown). However, increasing the final NanoGlo 

Reagent concentration to 2X produced acceptable Z-factors due to an increased difference 

between the positive and negative control average values (i.e. µp and µn). Production of 

luminescence signal is a product of enzymatic consumption of the substrate (furimazine), 

and the increased luminescence signal using 2X reagent is likely due to a corresponding 

increase in substrate availability. For RGS6RH, the Z-factor crosses the threshold for an 

acceptable high throughput assay of 0.5 at 30 min post AlF4 addition, reaching a maximum 

of 0.69 at 56 min post AlF4 addition (Figure 6B). Once the assay reaches an acceptable 

threshold at 30 min, it remains stable for the duration of the read, an additional 46 min. For 

RGS8RH, the Z-factor becomes stable above 0.5 starting at 24 min post AlF4 addition and 

remains stable for the duration of the read, an additional 52 min (Figure 6D). The dip in Z-

factor shown at 20 min corresponds to the low point in signal in the kinetic read just before 

the system starts to demonstrate response to the addition of AlF4 (Figure 6C). For the 

RGS6L: Gβ5 interaction, a 1X final concentration of NanoGlo Reagent is sufficient to 

produce an acceptable Z-factor. The Z-factor crosses the acceptable threshold at 20 min post 

addition of NanoGlo Reagent and continues to increase for the duration of the read, reaching 

a maximum of 0.73 at 102 min post addition of reagent (Figure 5F).

Discussion

We have implemented and characterized an in-cell protein interaction assay that is amenable 

to both primary discovery and selectivity profiling for RGS inhibitors. As part of this study, 

we have also established that our characterization of RGS RH domain interactions with AlF4 

activated Gαi1 and Gαq is in agreement with the prior published biochemical binding 

profiles of these proteins (Heximer, Watson et al. 1997, Hooks, Waldo et al. 2003, 

Soundararajan, Willard et al. 2008). Our data shows that this protein complementation 

system is suitable for the investigation of RGS: Gα protein pairs.

In addition to establishing this technique for RGS protein interactions, our data also provide 

some insight into the relative affinity of different RGS proteins for Gα subunits. Analyzing 

the net increase of signal in response to AlF4 stimulation revealed information about relative 

interaction affinity among the RGS: Gα pairs. Additionally, analysis of the rate of signal 

amplification due to AlF4 stimulation demonstrated discrete differences in the rate of 
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formation of the protein-protein interactions. This may give clues to how signals are 

regulated by RGS proteins in the cell. For example, a rapid and robust formation of an RGS: 

Gα interaction may suggest that RGS is essential for regulation of acute signaling events, 

while a gradual and moderate formation of an RGS: Gα interaction may suggest regulation 

of sustained signaling events. Further exploration of these phenomena may provide 

additional insight into RGS regulation of signaling events.

The NanoBit system is amenable to the assessment of a panel of RGS proteins with both 

Gαi1 and, for RGS2, Gαq. Therefore, this system is a powerful tool in the interrogation of 

small molecules for selectivity amongst RGS proteins in a cellular context. Most importantly 

in this regard, this system allows for the robust assessment of multiple RGS proteins using 

identical cellular conditions. In addition, the amenability of the system to quickly express 

and test point mutants, such as the exemplar cysteine-less RGS4 mutant presented here, 

shows this system can be used to assess small molecule mechanism of action in a cellular 

context as well. For example, a small molecule that also disrupts the interaction of the 

cysteine-less RGS4 mutant may indicate a cysteine independent mechanism of action, and 

further investigations utilizing point mutants to test for potential small molecule interactions 

with RGS proteins could be performed far more efficiently than purifying proteins 

representing individual point mutants.

Validation for high throughput screening was demonstrated by several lines of 

experimentation. First, the specific reduction of luminescence signal upon treatment with a 

known RGS4 inhibitor shows that this system may be used for the identification of novel 

small molecules through high throughput screening efforts. Second, this assay is amenable 

to a high throughput campaign as determined by a Z-factor calculation. The only other 

published method used for the observation of disruption of an RGS: Gα interaction in cells 

is the GFP-RGS fusion method, which requires the use of confocal microscopy and 

significant post hoc analysis. In comparing NanoBit to the calcium flux high throughput 

paradigm, this system allows for the assessment of small molecule activity at the protein 

interaction level. While a functional assay may still be preferable, small molecules that elicit 

a change in functional interrogation systems may in fact be affecting a downstream target 

rather than the RGS, and may require extensive follow-up experimentation to determine 

mechanism of action.

The result that both RGS6RH and RGS8RH were able to produce acceptable Z-factors 

suggests that, at least for the Gαi1 system, other RGS: Gα pairs may be amenable to a high 

throughput campaign, as RGS6RH produced a low net response while RGS8RH had one of 

the greatest. The result that RGS6Lα2: Gβ5 yielded an acceptable Z-factor is encouraging 

because it opens the possibility of targeting RGS mediated signaling that does not include 

targeting the RGS: Gα protein-protein interaction. Interaction with Gβ5 is a characteristic 

unique to the R7 family of RGS proteins and small molecule disrupting this interaction 

would not be expected to interrupt non-R7 family RGS function, which would increase the 

selectivity of the molecule and reduce potential off target consequences of a pan RGS 

inhibitor.
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In conclusion, we characterized the interactions of a panel of RGS proteins with Gαi1 and of 

RGS2 with Gαq as well as the interaction of RGS6Lα2 with its obligatory binding partner 

Gβ5 using this Protein Complementation Assay. This is the largest implementation of this 

system to date, characterizing 15 separate protein-protein interactions. The platform was 

deemed suitable for a high throughput screening campaign via Z-factor calculation, and the 

demonstration that protein pair disruption via small molecules is observable lends validity to 

the use of the platform for drug discovery efforts. In addition, the system provided 

interesting kinetic data with regard to relative RGS: G protein complex formation among 

different RGS proteins. Finally, the inclusion and validation of mutant RGS proteins 

indicates that this platform will not only be integral in future cell based discovery efforts, but 

also capable of mechanistic interrogation of compound binding site and function in a cellular 

context.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Characterization of 14 RGS: Gα interactions using NanoBit

• RGS4: Gαi1 interaction disruption with compound 6383479

• Characterization of RGS6Lα2: Gβ5 interaction using NanoBit

• Calculation of Z-factors for RGS6RH: Gαi1, RGS8RH: Gαi1, and RGS6Lα2: 

Gβ5
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Figure 1. 
Assembly of Protein Interaction Pairs. Four plasmids were constructed to produce fusion 

proteins of each possible large bit (LB) and small bit (SB) combination. Proteins depicted 

with a Nanobit piece on the left of the protein is fusion on the N-terminus of the RGS or G 

protein, and a Nanobit piece on the right of the protein represents fusion on the C-terminus 

of the RGS or G protein. Under each depiction is an example of how these fusion constructs 

are referred to in the text.

Bodle et al. Page 14

Anal Biochem. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Optimization of Vector Pairs Using RGS4 and RGS17. RGS:Gαi1 complementation pairs 

were optimized using RGS4 and RGS17. A.) Representative kinetic read of interaction of 

RGS4: Gαi1. B.) Delineation of time range for area under the curve analysis, starting at AlF4 

addition. 2C-D is a comparison of four vector pairs for the RGS4: Gαi1 interaction shown as 

increase in area under the curve following AlF4 addition (C) and fold increase in area under 

the curve (D) upon stimulation with AlF4. The same analysis was performed for the four 

optimal RGS17: Gαi1 vector pairs (E/F). Data are n=3 in at least duplicate, ± SD.
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Figure 3. 
Characterization of 12 WT and 1 Mutant RGS Proteins Interaction with Gαi1 or Gαq. A.) 

Depicts the net increase in area under the curve in response to AlF4 stimulation for 13 RGS: 

Gαi1 protein pairs. B.) Normalized non- linear fit of luminescence over time to assess the 

rate of protein interaction. C.) Magnification of the boxed area in panel B. D.) RGS2 

interaction with Gαi1 and Gαq in response to AlF4. E.) Non-linear fit of RGS2: Gαq as in 

panel B. Data are n=3 in at least duplicate, ± SD. Data for panel D are the background 

subtracted results of n=3 in at least duplicate, ± SEM.
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Figure 4. 
Selective Disruption of RGS4: Gαi1 Interaction with 6383479. Small molecule inhibition of 

RGS4: Gαi1 interaction. A) n=3 raw luminescence trace of RGS4: Gαi1 in the presence or 

absence of RGS4 inhibitor 6383479. B) Quantification of 6383479 effect on RGS4: Gαi1 

and control using AUC-compound treated/AUC-vehicle treated. Data are n=3 in at least 

duplicate, ± SD. P-value = 0.012
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Figure 5. 
Characterization of RGS6L:Gβ5 Interaction. Interaction of RGS6L with Gβ5 was also 

detectable using this system. A.) Raw traces of RGS6Lα2: Gβ5 vector pairs. B.) Raw trace 

comparison of RGS6Lα2: Gβ5 interactions producing largest signal and the corresponding 

RGS6RH: Gβ5 pairing. Data are n=3 in at least duplicate, ± SD.
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Figure 6. 
Amenability of RGS NanoBit™ Systems to High Throughput Screening. Suitability of 

NanoBit™ systems for high throughput campaigns. A/B.) The low magnitude interaction of 

RGS6RH: Gαi1 in a 96 well half area plate. The raw signal over time (A) along with Z-

factor over time (B) are shown. C/D.) The high magnitude interaction of RGS8RH: Gαi1 

was also tested in a similar manner. E/F.) Finally the RGS6L: Gβ5 interaction was assessed. 

Y-axis normalized to RGS8RH: Gαi1 signal to demonstrate varying magnitude of signal 

between protein pairs assessed.
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Table 1

Rate of Interaction Formation. Rates are the time to 50% signal calculated from curves in Figure 3B and 3E. 

Calculated values shown as 95% CI.

RGS Time to 50% Response (min)

RGS1 13.2 to 14.9

RGS2 (Gαq) 25.6 to 26.5

RGS4 14.7 to 18.8

RGS5 18.7 to 20.7

RGS6 23.2 to 24.4

RGS7 23.3 to 25.7

RGS8 15.3 to 17.4

RGS10 14.8 to 16.9

RGS14 20.8 to 22.7

RGS16 15.2 to 17.5

RGS17 22.0 to 25.5

RGS18 15.6 to 18.0

Cysless RGS4 16.1 to 18.5
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