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ABSTRACT: G protein-coupled receptors (GPCRs) serve critical
physiological roles as the most abundant family of receptors. Here,
we describe the design of a generalizable and cell lysate-based
method that leverages the interaction between an agonist-activated
GPCR and a conformation-specific binder to reconstitute split
nanoluciferase (NanoLuc) in vitro. This tool, In vitro GPCR split
NanoLuc ligand Triggered Reporter (IGNiTR), has broad
applications. We have demonstrated IGNiTR’s use with three Gs-
coupled GPCRs, two Gi-coupled GPCRs and three classes of
conformation-specific binders: nanobodies, miniG proteins, and G
protein peptidomimetics. As an in vitro method, IGNiTR enables
the use of synthetic G protein peptidomimetics and provides easily
scalable and portable reagents for characterizing GPCRs and
ligands. We tested three diverse applications of IGNiTR: (1) proof-
of-concept GPCR ligand screening using dopamine receptor D1 IGNiTR; (2) detection of opioids for point-of-care testing; and (3)
characterizing GPCR functionality during Nanodisc-based reconstitution processes. Due to IGNiTR’s unique advantages and the
convenience of its cell lysate-based format, this tool will find extensive applications in GPCR ligand detection, screening, and GPCR
characterization.
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■ INTRODUCTION
G protein-coupled receptors (GPCRs) play essential roles in
many physiological processes.1,2 Hence, GPCRs remain crucial
targets for therapeutic development, with approximately 30%
of U.S. Food and Drug Administration-approved therapeutics
targeting GPCRs.3 Live cell-based assays have been instru-
mental for GPCR drug screening, as well as GPCR signaling
and mechanistic studies.4−13 However, there is still a lack of
accessible and generalizable in vitro methods for detecting
GPCR activation, which will complement live cell assays for
broad applications. For example, it is infeasible with live cell-
based assays to validate the functionality of extracted GPCRs
for biochemical and structural studies. Most of the existing in
vitro assays, including radioligand binding assays, monitor
GPCR-ligand binding but do not measure ligand efficacy for
inducing the active conformation that couples to G
proteins.4,14−19 Therefore, there is still a need for an in vitro
assay that measures the GPCR-G protein interaction induced
by the ligands.

Split nanoluciferase (NanoLuc),20 which reconstitutes and
gains its activity only when brought into proximity, has been
widely applied to detect protein−protein interactions (PPIs) in

live cells.11,21−29 Notably, NanoLuc generates a luminescence
signal that can be quantifiable in complex biological environ-
ments. Therefore, we harnessed the split NanoLuc to track
ligand-induced GPCR-G protein binding in a cell lysate-based
system.

Here, we designed a highly adaptable GPCR luminescent
assay for use in cell lysates and in solution. IGNiTR (In vitro
GPCR split NanoLuc ligand Triggered Reporter) utilizes the
agonist-dependent GPCR conformational change and sub-
sequent recruitment of G proteins and other conformation-
specific binders30,31 to reconstitute split NanoLuc24,26,32

(Figure 1A). Unlike in live cell-based assays, IGNiTR
components are easily stored frozen and portable as cell
pellets that express GPCRs preserved in their native lipid
environment. Additionally, the in vitro environment enables

Received: May 9, 2023
Revised: June 11, 2023
Accepted: June 20, 2023
Published: July 7, 2023

Letterpubs.acs.org/measureau

© 2023 The Authors. Published by
American Chemical Society

337
https://doi.org/10.1021/acsmeasuresciau.3c00021

ACS Meas. Sci. Au 2023, 3, 337−343

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/page/virtual-collections.html?journal=amachv&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruby+M.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+Sescil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marina+C.+Sarcinella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+C.+Bailey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmeasuresciau.3c00021&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00021?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00021?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00021?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00021?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.3c00021?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amachv/3/5?ref=pdf
https://pubs.acs.org/toc/amachv/3/5?ref=pdf
https://pubs.acs.org/toc/amachv/3/5?ref=pdf
https://pubs.acs.org/toc/amachv/3/5?ref=pdf
pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.3c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org/measureau?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


the use of peptidomimetics as conformation-specific binders,
expanding the range of assay applications.

We have demonstrated the versatility of IGNiTR through
three applications. First, IGNiTR demonstrated a robust Z′
value in a proof-of-concept high-throughput screening of
ligands using dopamine receptor D1 (DRD1) IGNiTR.
Second, IGNiTR detected the mu-opioid receptor (MOR)
agonist fentanyl in the nanomolar range in an easy and
portable setup for potential point-of-care implementation.
Finally, IGNiTR was used to characterize the GPCR
functionality of samples at different stages of the Nanodisc-
based GPCR extraction and reconstitution process. IGNiTR’s
adaptability enables unique applications that are complemen-
tary to existing live cell-based and biochemical assays.

■ RESULTS AND DISCUSSION

Developing the IGNiTR Assay

The IGNiTR assay is inspired by live cell-based split NanoLuc
assays but has the potential to bring more versatility and
accessibility to detect GPCR activation outside of the live cell
context.21 As shown in Figure 1A, IGNiTR is composed of two
parts: the GPCR fused to one fragment of the split NanoLuc
and a conformation-specific binder fused to the other fragment
of the split enzyme. We tested the IGNiTR assay using β2-
adrenergic receptor (β2AR) with two conformation-specific
binders: nanobody 80 (Nb80) which binds specifically to the
activated β2AR33−36 and miniGs which can bind to a number
of activated Gs-coupled receptors.34,37 Using β2AR-LgBiT and
SmBiT-miniGs, we tested cell lysis conditions with and without
detergent that contains 1% (w/v) DDM (n-dodecyl β-D-
maltoside and 0.1% (w/v) CHS (cholesteryl hydrogen
succinate). We characterized the ratio of the IGNiTR
luminescence with drug to that without drug, which is referred
to as the drug-dependent ratio (DDR) in this paper. Both
protocols produced significant DDRs, indicating that miniGs
could selectively bind to the active conformation of β2AR in
cell lysate (see Figure S1). We found that the detergent-
containing lysis condition generates a higher DDR due to
lower luminescence in the agonist-free condition. However,
sonication-based cell lysis without detergent generates a higher

luminescence signal than the condition with detergent (Figure
S1), presumably because the β2AR function can be better
preserved in its native lipid environment without detergent.38

To facilitate the preservation in a native lipid environment, we
used detergent-free sonication for cell lysate-based IGNiTR
reagent preparation for the remaining studies in this paper.

We then further characterized the IGNiTR assay composed
of β2AR-LgBiT with Nb80-SmBiT or SmBiT-miniGs with
drug, vehicle, and a nonagonist small molecule as a control
(Figure 1B). The agonist (isoproterenol) produced signifi-
cantly increased luminescence compared to the vehicle and a
DDR of 5.6, but the nonagonist control molecule dopamine
did not produce a significant increase. This significant
difference between the agonist and vehicle was also
demonstrated in an independent biological replicate (Figure
S2). However, we found the absolute value of the DDRs of the
IGNiTR assay varies in different experiments, which could
result from different IGNiTR component expression levels.
Similar variations have been observed in multicomponent live
cell-based reporter systems.39 We also titrated isoproterenol for
β2AR-LgBiT with SmBiT-miniGs using both IGNiTR and a
live cell-based split NanoLuc assay (Figure S3). IGNiTR was
less sensitive, producing a higher EC50 value compared to the
live cell-based split NanoLuc assay.

Next, the generalizability of IGNiTR was evaluated by
testing miniGs with another Gs-coupled GPCR, DRD1. The
DRD1 agonist dopamine produced a DDR of 1.6, while a
nonagonist small molecule (THIQ) did not produce a
statistically significant difference from the vehicle condition
(Figure 1C).

Overall, these studies show that IGNiTR can detect a
GPCR’s agonist-dependent conformational change in the cell
lysate. Furthermore, these results suggest that miniGs is
generally applicable for Gs-coupled GPCRs. Even though
IGNiTR is less sensitive than the live cell-based assay, IGNiTR
has its own advantages as a convenient and accessible in vitro
assay, including the capability to store components frozen and
achieve consistency across experiments by pooling large
batches of components together.

Figure 1. Characterization of IGNiTR with miniGs and a conformation-specific nanobody. (A) Schematics of the IGNiTR assay: LgBiT attached to
a GPCR and SmBiT attached to a conformation-specific binder. Ligand activation of a GPCR results in a GPCR-conformation-specific binder
interaction, triggering split NanoLuc reconstitution. (B) Characterization of β2AR-based IGNiTR with Nb80 or miniGs as the conformation-
specific binder. (C) Characterization of DRD1-based IGNiTR with miniGs as the conformation specific binder. Drug, 10 μM. RLU: Relative
luminescent units. n = 3 technical replicates. Values above the bars represent the DDR. Asterisks indicate significance after performing an unpaired
Student’s t test. ***P < 0.001, ****P < 0.0001. “ns” indicates no significant difference.
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Using G Protein Peptidomimetics in IGNiTR

To expand the versatility of IGNiTR, we used a G protein
peptidomimetic as the conformation-specific binder in
IGNiTR. Peptidomimetics enable the use of unnatural amino
acids to increase binding affinity for the GPCR target.40,41

Additionally, peptide synthesis facilitates the standardization of
the peptidomimetic concentration across large batches of well
plates.

Our design was inspired by a reported Gs peptidomimetic40

(SI, Figure 2A and B) which was based on the α-5-helix of Gαs
in the crystal structure of the Gs protein complex bound with
β2AR.42 The Gs peptidomimetic (FNDCRDIIQRMHLRQYE-
{Cha}-L) conserves the Gαs protein α-5-helix amino acid
sequence while adding a cyclohexylalanine (Cha) residue to
increase hydrophobic interactions with the large hydrophobic
pocket of the activated β2AR.40,43

Our design fused the SmBiT (11 amino acids) to the Gs
peptidomimetic to create a SmBiT-Gs peptidomimetic fusion
peptide. To test the peptidomimetic version of IGNiTR, the
β2AR-LgBiT cell pellet was mixed with the Gs fusion peptide
and NanoLuc substrate. Then, agonist, nonagonist small
molecule control, or vehicle was added to evaluate the DDR
(Figure 2C and Figure S4). β2AR IGNiTR with the Gs fusion
peptide produced a DDR of 8.9 (Figure 2C). We further tested
the Gs fusion peptide with the Gs-coupled GPCR DRD1 and
the promiscuous GPCR melanocortin 4 receptor (MC4R),
producing DDR values of 2.3 and 9.0, respectively (Figure
2C). These results validated the Gs peptidomimetic’s
selectivity for the active conformation of the Gs-coupled
GPCRs.

We next designed a Gi peptidomimetic using a similar
strategy by incorporating the unnatural amino acid Cha at the
penultimate position (Figure 2B), since the α-5-helix of the
Gαi protein also interacts with a highly hydrophobic binding
pocket based on the Gαi protein structure.44 The Gi fusion

peptide is composed of SmBiT fused to the Gi peptidomimetic.
We tested IGNiTR with the Gi fusion peptide and two Gi-
coupled GPCRs, MOR, and MC4R, which couples to both Gs
and Gi proteins.

45 DDR values of 2.8 and 1.9 were observed for
MOR and MC4R IGNiTR, respectively (Figure 2D). This
study validates the Gi peptide’s selective binding to the agonist-
activated MOR and MC4R and establishes the use of a Gi
fusion peptide in IGNiTR for Gi-coupled GPCRs.
The IGNiTR Assay Can Characterize a GPCR Ligand’s
Efficacy and Potency

To further establish IGNiTR’s ability to characterize the
various conformational states of a GPCR induced by different
ligands, we applied the technique to DRD1 IGNiTR with full
agonists, partial agonists, and antagonists. As shown in Figure
3A, the full agonist dopamine produced higher DDR than the
partial agonist fenoldopam at saturated concentrations, with
both producing a DDR > 1. The result validates that both full
and partial agonists induce the active conformational state46,47

and that IGNiTR can differentiate ligand efficacies. DRD1
antagonist, SCH 23390, does not increase luminescence
compared to the no drug condition.46 These results further
validate the Gs peptidomimetic’s selective binding to the active
conformation of DRD1. Consistent with reports that
fenoldopam, while showing decreased maximum efficacy as a
partial antagonist, is more potent than dopamine, DRD1
titration with dopamine and fenoldopam produced EC50 values
of 2.6 μM and 145 nM, respectively (Figure 3B).46,47 To show
IGNiTR can also be used for antagonist titration, we
performed DRD1 titration with antagonist SCH 23390 in
the presence of 10 μM agonist dopamine and yielded an IC50
of 26 nM.48 Overall, these characterizations demonstrate that
the GPCR in IGNiTR maintains a function similar to in live
cell-based assays, and that IGNiTR can differentiate among
various ligand efficacies.

Figure 2. Characterization of the IGNiTR assay with peptidomimetics as the conformation-specific binder. (A) Crystal structure of LY3154207-
bound dopamine receptor D1 (DRD1) (PDB: 7X2F). DRD1, green. Gs protein’s α-5-helix is highlighted in purple blue to illustrate the interaction
between the α-5-helix and the hydrophobic binding pocket of the activated DRD1. The penultimate position is enclosed inside the circle. (B)
Amino acid sequences for the Gs and Gi fusion peptides. (C) Characterization of IGNiTR with the Gs fusion peptide for the GPCRs indicated. (D)
Characterization of IGNiTR assay with the Gi fusion peptide for the GPCRs indicated. n = 3 technical replicates. Gs fusion peptide, 2 μM. Gi fusion
peptide, 2 μM. Drug, 10 μM. Values above the bars represent the DDR. Asterisks indicate significance after performing an unpaired Student’s t test.
***P < 0.001, ****P < 0.0001. “ns” indicates no significant difference.
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IGNiTR Application: Proof-of-Principle High-Throughput
Screening (HTS) with Robust Z′ Values
IGNiTR could provide a valuable alternative for preliminary
HTS of GPCR ligands, especially since IGNiTR components
can be mixed in a batch, increasing consistency across different
batches of screens. As a proof-of-concept, we used DRD1
IGNiTR to demonstrate IGNiTR optimization for potential
HTS applications. We first estimated the concentration of
DRD1-LgBiT in the cell lysate. A standard curve of LgBiT was
plotted using purified maltose binding protein (MBP) fused
with LgBiT (MBP-LgBiT). Different concentrations of MBP-
LgBiT were mixed with the HiBiT peptide, which has high
affinity for LgBiT and reconstitutes NanoLuc activity,
generating luminescence that is positively correlated with the
reconstituted NanoLuc (Figure S5). The DRD1-LgBiT in cell
lysate was diluted to be within the range of the standard curve.
After obtaining an estimated concentration of DRD1-LgBiT of
15.8 nM, we varied the DRD1-LgBiT and Gs fusion peptide
concentrations to find the optimal condition (SI and Figures
S6 and S7). We used the optimized DRD1 IGNiTR condition
to determine its Z′ value, which is an important parameter to
indicate the feasibility of an HTS platform. The Z′ value was
consistent across the plates with an average of 0.79 (Figure S8)
within the range of optimal Z′ values for HTS (1 > Z′ > 0.5).49

The proof-of-principle study demonstrated the feasibility of
IGNiTR for HTS.
IGNiTR Application: Portable Assays for Rapid Detection
of Opioids
IGNiTR could be packaged as a kit for detecting GPCR
agonists, such as opioids, to be used for portable point-of-care
testing. The ongoing opioid crisis is fueled by the emergence of
additional synthetic opioids.50,51 There is a need for accessible
methods to detect opioid derivatives, which often are highly
potent and can cause lethal overdoses.51 To address this need,
we used MOR IGNiTR to detect the synthetic opioid,
fentanyl.

First, we optimized the concentrations of MOR and Gi
fusion peptide (Figure S7). To increase the accessibility of
IGNiTR for detection, we measured IGNiTR luminescence
with a less sophisticated gel-imaging camera rather than a plate

reader. As shown in Figure 4A and B, higher concentrations of
fentanyl result in increased luminescence intensity, with a
signal plateau around 500 nM. Notably, MOR IGNiTR could
detect 10 nM fentanyl.

Our results demonstrate that IGNiTR can successfully
detect various levels of opioids. Notably, IGNiTR reports on
the general presence of many types of opioids, which
complements existing assays for detecting specific synthetic
opioid molecules.52,53 Because the IGNiTR reagents can be
stored frozen, we envision the components of IGNiTR being
packaged into a kit for the detection of MOR agonists in a
variety of settings. Furthermore, IGNiTR can potentially be
adapted to detect other GPCR agonists, enabling the
development of biosensors for a wide range of molecules.
IGNiTR Application: Characterizing GPCR Functionality
during Nanodisc-Based GPCR Extraction and
Reconstitution
Nanodiscs have been widely applied for GPCR reconstitution
by embedding the GPCR in a lipid bilayer, forming stable
GPCR-lipid complexes.54 It is particularly important to track
GPCR structural integrity and functionality throughout the
Nanodisc assembly process, but this remains challenging.55

Therefore, we tested IGNiTR’s ability to characterize β2AR
functionality during the three crucial steps of POPC-based
Nanodisc formation56 as indicated in Figure 4C. Higher DDR
suggests greater content of functional β2AR that can undergo
agonist-dependent conformational changes and reconstitute
the split NanoLuc.

As shown in Figure 4D, β2AR reconstituted in Nanodisc
with detergent cholate removed (sample 2) and its subsequent
Ni-NTA purified sample (sample 3) produced significant
DDRs, while the β2AR mixed with Nanodisc components as
well as cholate (sample 1) did not yield a significant DDR. The
result validates the importance of removing cholate to maintain
the correct folding and functionality of β2AR during its
incorporation into the Nanodisc. The study establishes that

Figure 3. Characterization of the DRD1-IGNiTR assay with Gs fusion
peptide. (A) Comparison of DRD1-IGNiTR signal with a panel of
drugs at saturated concentrations. SCH23390, 50 μM;
SCH23390+Dopa (dopamine), 50 and 10 μM; Dopa, 10 μM; Fen
(fenoldopam), 10 μM. Luminescence values were taken at 30 min
post drug incubation. (B) Dose−response curve of DRD1 IGNiTR
with dopamine, fenoldopam, and SCH 23390. For dopamine, the
EC50 range within 95% confidence is 1.8−4.1 μM. For fenoldopam,
the EC50 range within 95% confidence is 114−181 nM. For SCH
23390, the IC50 range within 95% confidence is 20−33 nM. n = 4
technical replicates. Asterisks indicate significance after performing an
unpaired Student’s t test. ***P < 0.001, ****P < 0.0001.

Figure 4. Applications of IGNiTR. (A) Imaging and (B)
quantification of the IGNiTR assay were performed with MOR
LgBiT and the Gi fusion peptide to detect varied concentrations of
fentanyl. n = 4 technical replicates. (C) Workflow for the
incorporation of β2AR-LgBiT into POPC-based Nanodiscs. “NTA”
represents Ni-NTA column purification. (D) Analysis of the β2AR-
LgBiT samples in C used IGNiTR with the Gs fusion peptide.
Asterisks indicate significance after performing an unpaired Student’s t
test. ****P < 0.0001, ***P < 0.001, “ns” indicates no significant
difference.
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IGNiTR could be used to monitor GPCR activity throughout
the protein extraction and reconstitution process, which is
useful for optimizing these protocols.

■ CONCLUSION
We have developed a generalizable in vitro GPCR assay,
IGNiTR, that can characterize a GPCR’s structural integrity
and activity by detecting the agonist-induced interaction of the
GPCR with a conformation-specific binder. We have
demonstrated IGNiTR’s usage with three Gs-coupled GPCRs
and two Gi-coupled GPCRs. In this paper, we used lysis
conditions without detergent to preserve the GPCR structure
in its native lipid environment. However, one could also use
cell lysis conditions with the detergent mix used in Figure S1,
which may result in higher DDRs.

Even though IGNiTR is less sensitive than the live cell-based
version of the split NanoLuc assay, IGNiTR has other
advantages that can be harnessed under conditions where
live cell-based assays are infeasible. First, IGNiTR components,
including the GPCR and the conformation-specific binder, can
be prepared in advance and stored frozen until usage. Second,
IGNiTR can potentially be packaged to perform as a portable
testing kit without the restrictions of working with live human
mammalian cells following biosafety level 2 regulations. Third,
the preparation of IGNiTR in a cell lysate solution allows the
use of a synthetic fusion G protein peptidomimetic, whose
concentration can be well-controlled for assay fine-tuning,
including the optimization of DDR.

IGNiTR has advantages over existing in vitro assays.
IGNiTR’s bioluminescent readout is quantifiable in a single
step and therefore can be easily scaled up and performed under
less complex laboratory conditions, while existing in vitro
GPCR assays, such as radioligand binding, may require
complicated setups.18,19 We demonstrated diverse applications
under a variety of conditions in: 1) proof-of-concept HTS
using DRD1 IGNiTR; 2) characterization and detection of
opioids using a basic imaging system; and 3) verifying GPCR
structural integrity for in vitro GPCR characterizations. In
future work, IGNiTR can be expanded for more GPCRs and
used in broad applications.
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