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ARTICLE INFO ABSTRACT

Bioluminescence resonance energy transfer (BRET) is a versatile tool used to investigate membrane receptor
signalling and function. We have recently developed a homogenous NanoBRET ligand binding assay to monitor
interactions between G protein-coupled receptors and fluorescent ligands. However, this assay requires the
exogenous expression of a receptor fused to the nanoluciferase (Nluc) and is thus not applicable to natively-
NanoBRET expressed receptors. To overcome this limitation in HEK293 cells, we have utilised CRISPR/Cas9 genome en-
Ligand binding gineering to insert Nluc in-frame with the endogenous ADORAZ2B locus this resulted in HEK293 cells expressing
Nluc adenosine A,p receptors under endogenous promotion tagged on their N-terminus with Nluc. As expected, we
found relatively low levels of endogenous (gene-edited) Nluc/A,p receptor expression compared to cells tran-
siently transfected with expression vectors coding for Nluc/A,z. However, in cells expressing gene-edited Nluc/
A,p receptors we observed clear saturable ligand binding of a non-specific fluorescent adenosine receptor an-
tagonist XAC-X-BY630 (K4 = 21.4 nM). Additionally, at gene-edited Nluc/A,p receptors we derived pharmaco-
logical parameters of ligand binding; K4 as well as K,, and K¢ for binding of XAC-X-BY630 by NanoBRET
association kinetic binding assays. Lastly, cells expressing gene-edited Nluc/A,p were used to determine the pK;
of unlabelled adenosine receptor ligands in competition ligand binding assays. Utilising CRISPR/Cas9 genome
engineering here we show that NanoBRET ligand binding assays can be performed at gene-edited receptors
under endogenous promotion in live cells, therefore overcoming a fundamental limitation of NanoBRET ligand
assays.
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1. Introduction protein-coupled receptor (GPCR) function, such as GPCR-protein in-

teractions [3,4], GPCR heteromerization [5,6] G protein activation

Bioluminescence resonance energy transfer (BRET) is the non-ra-
diative transfer of energy between a bioluminescent donor and a
fluorescent acceptor. One of the key requirements for energy transfer is
the proximity between the donor and acceptor, with the efficacy of
energy transfer being inversely proportional to the sixth power of the
distance between donor and acceptor. This, in practice, limits the de-
tection of proximity to < 10nm’, thus providing a highly sensitive
method to detect proximity between two tagged species in live cells and
in real-time [1,2]. BRET assays can be readily configured in a variety of
modes to investigate cellular signalling including many aspects of G

[7,8] and protein-protein interaction induced by GPCR activation [9],
as well as receptor internalisation and trafficking [10-12]. Ad-
ditionally, we and others have shown BRET can be multiplexed to in-
vestigate multiple interactions simultaneously [13,14]. Moreover, nu-
merous BRET-based biosensors have also been developed [15,16].
Indeed, the wide range of applications of BRET technology has resulted
in its extensive use in the field of GPCR pharmacology.

Recently we have developed a homogenous NanoBRET ligand
binding assay to investigate binding of fluorescent ligands to G protein-
coupled receptors [17]. This technique takes advantage of the discovery
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and subsequent engineering of the nanoluciferase (Nluc) from deep-sea
shrimp Oplophorus gracilirostris. Nluc is a small 19 kD luciferase that
emits a bright, stable and spectrally narrow luminescence [18], and has
been used to observe binding of a fluorescent ligand to receptors with
Nluc fused on their N-terminus. This method overcomes the safety and
cost limitations of traditional radio-ligand binding methods, as well as
the potential for high non-specific binding of fluorescent ligands due to
partitioning into the lipophilic environments and/or uptake into the
cell [17]. The assay also allows observation of ligand-receptor inter-
actions at the population level in live cells, at 37 °C and in real-time.
The very high distance dependence of NanoBRET results in minimal
non-specific binding, and due to the relative safety of the assay, the
fluorescent probe can be used across many orders of magnitude of li-
gand concentration. Furthermore, the assay is truly homogenous with
no wash or lysis step necessary, enabling kinetic measurements of li-
gand binding to be performed with relative ease which would be time-
consuming and cumbersome in traditional radio-ligand binding studies.
Indeed, due to its relative ease of use and adaptability, since the initial
description of NanoBRET ligand binding, this method has been used in
a variety of binding modes (saturation, kinetic or competition) to in-
vestigate fluorescent ligand binding at a number of GPCRs including:
adenosine A; and A3 receptors, as well as angiotensin II receptor type 1
[17]; B; and B>-adrenoceptors [17,19]; free fatty acid receptors 1 and 2
[20,21]; histamine H;, H; and H, receptors [22,23]; relaxin family
peptide receptor 3 [24]; and P2Y, receptor [25]. It has also been used to
study the receptor tyrosine kinase vascular endothelial growth factor 2
[26] and its co-receptor neuropilin-1 [27].

Despite the advantages over traditional ligand binding methods
using radio-ligands or fluorescent probes, a substantial limitation of this
technique is that it requires the fusion of the donor luciferase to the
receptor of interest. Therefore, unlike radio- and fluorescent-ligand
binding, NanoBRET ligand binding has not been used at receptors ex-
pressed in cells under-endogenous promotion as the luciferase is
lacking. Consequently, the assay requires exogenous expression of Nluc-
tagged receptors, which can be routinely achieved by transient trans-
fection of expression vectors but results in heterologous populations of
cells with varying levels of over-expressed fusion protein. This needs to
be considered as over-expression has the potential to alter protein
function/localisation [28]. Other factors that can influence ligand in-
teractions include the cellular environment in which a receptor is ex-
pressed and whether binding is measured in whole live cells or cell
membrane preparations [29]. These potential limitations need to be
considered when drawing conclusions from standard over-expression
assays.

The discovery that the Cas9 nucleases can be harnessed for site-
specific DNA cleavage in mammalian cells has been a major break-
through in cellular biology [30]. Recently, we described the use of the
CRISPR/Cas9 system to insert full-length Nluc into endogenous mam-
malian loci via homology-directed recombination [13]. Whilst en-
gineering Nluc into the genome had been shown previously [31], and
fragments of Nluc have been engineered into the genome since [32,33],
we were able to demonstrate that receptors or proteins fused with Nluc
on the C-terminus and expressed under endogenous promotion could be
used in NanoBRET assays to monitor GPCR-B-arrestin interactions,
GPCR internalisation and trafficking, as well as GPCR heteromerization
[6]. Furthermore, these engineered cells could be used in multiplexed
assays to investigate BRET between a donor and more than one ac-
ceptor simultaneously [13]. However, if the same technique could be
used to tag receptors on the N-terminus with Nluc, which would be
suitable for NanoBRET ligand binding assays, was not examined. Thus
the aim of the current study was to investigate this possibility by tar-
geting the adenosine A,p receptor, which to our knowledge has not
been used in NanoBRET ligand binding assays previously. Here, we
show for the first time CRISPR/Cas9-mediated fusion of Nluc to the N-
terminus of a GPCR and that binding of fluorescent ligand to these
genome-edited adenosine Nluc/A,p receptors can be observed by
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NanoBRET. Furthermore, we demonstrate that while these observations
from gene-edited receptors are largely comparable to those from Nluc-
tagged receptors that are over-expressed, they provide more consistent
results when at similar levels of luminescence. Consequently, these
results represent a timely advance to the NanoBRET ligand binding
assay as model systems with more physiological relevance are being
sought.

2. Methods
2.1. Cell culture and transfection

Wild type or CRISPR/Cas9-modified HEK293 cells were maintained
at 37 °C in 5% CO, and complete medium (Dulbecco's modified Eagle's
medium (DMEM) containing 0.3 mg/ml glutamine, 100 IU/ml peni-
cillin, 100 pg/ml streptomycin and 0.25 pg/ml amphotericin B (Thermo
Fisher Scientific, Scoresby, VIC, Australia)) supplemented with 10%
foetal bovine serum (FBS, Bovogen). Cells were transiently transfected
according to the manufacturer's instructions using FuGENE 6 transfec-
tion reagent (Promega) with cDNA 24 h after seeding 500,000-550,000
cells/well in a 6-well plate. Cells were harvested with 0.05% Trypsin-
EDTA (Thermo Fisher Scientific) and seeded into poly-i-lysine coated
white 96-well plates at 50,000 cells/well in phenol red-free DMEM
containing 25 mM HEPES, 0.3 mg/ml glutamine, 100 IU/ml penicillin
and 100 pg/ml streptomycin supplemented with 5% FBS, 24 h before
performing an assay.

2.2. Endpoint BRET assays

After 24 h incubation, medium was removed from 96-well plates
containing CRISPR/Cas9-modified or transiently transfected HEK293
cells. Saturation and competition ligand binding assays were performed
by treating for 30 min with untagged competitor ligand and then
adding fluorescent ligand and incubating for a further 60 min. Ligand
incubations were carried out at 37 °C in 5% CO,. Furimazine (Promega)
was then added to a final concentration of 10 uM and luminescence was
measured immediately. BRET was measured at 37 °C using the
LUMIstar Omega microplate reader (BMG Labtech) using simulta-
neously-measured filtered light emissions at 450 nm (80 nm bandpass)
and > 610nm (longpass). The raw BRET ratio was calculated by di-
viding the > 610 nm emission by the 450 nm emission.

2.3. Kinetic BRET assays

After 24 h incubation, medium was removed from 96-well plates
containing CRISPR/Cas9-modified or transiently transfected HEK293
cells. Association kinetics ligand binding assays were performed by
adding 10 uM furimazine (Promega) and incubating at 37 °C for 5 min.
Luminescence was then measured for 5min, reading every well once
per minute. XAC-X-BY630 was then added to the required final con-
centration and luminescence measurements continued for a further
60 min. BRET was measured at 37 °C using the LUMIstar Omega mi-
croplate reader (BMG Labtech) with simultaneously-measured filtered
light emissions at 450 nm (80 nm bandpass) and > 610 nm (longpass).
The corrected BRET ratio was calculated by subtracting the vehicle-
treated raw BRET ratio from the XAC-X-BY630-treated raw BRET ratio,
as described previously [2].

2.4. Luminescence assays

After 24 h incubation, medium was removed from 96-well plates
containing CRISPR/Cas9-modified, transiently transfected or wild type
HEK293 cells. Immediately following addition of 10 uM furimazine
(Promega), luminescence was measured at 450 nm (80 m bandpass) at
37 °C using the LUMIstar Omega microplate reader (BMG Labtech).
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Fig. 1. Design and validation of gene-edited adeno-
sine Ap receptors. (a) Gene-editing strategy and
features used to fuse Nluc onto the N-terminus of
adenosine A,p receptors expressed in HEK293 cells
via CRISPR/Cas9 mediated homology-directed re-
pair. (b) Comparison of luminescence generated by
cells expressing genome-edited Nluc/A,p (blue bars)
or from cells transiently transfected with cDNA
coding for Nluc/A,p at 0.05, 5 or 0 ng per well of a 6-
well plate (open, black and no [RLU 27] bar re-
spectively). (¢) cAMP accumulation mediated by
NECA (10 pM - 100 pM) in cells expressing genome-
edited Nluc/A,p (blue points) or in cells transiently
transfected with cDNA coding for Nluc/A,p at 0.05, 5
or 0 ng per well of a 6-well plate (open squares, black
circles and open triangles respectively). Points or
bars represent mean + S.E.M. of three (c) or six (b)
independent experiments. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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2.5. cAMP assays

After 24 h incubation, medium was removed from 96-well plates
containing CRISPR/Cas9-modified, transiently transfected or wild type
HEK293 cells. cAMP accumulation was measured using a homogenous
time-resolved fluorescence cAMP dynamic 2 assay kit (CisBio
Bioassays) following the manufacturer's instructions. Briefly, cells were
treated with NECA in stimulation buffer and incubated at 37 °C in 5%
CO, for 30 min. Cells were then lysed by addition of assay reagents in
lysis buffer. Plates were incubated for 1h at room temperature and
fluorescence was measured at 620 nm and 665 nm, respectively, 50 ms
after excitation at 337 nm using an EnVision 2102 microplate reader
(PerkinElmer).

2.6. Genome engineering

HEK293 cells expressing genome-edited A,p receptor N-terminally
tagged with Nluc were generated by CRISPR/Cas9 mediated homology-
directed repair as described previously [13,34]. The sgRNA sequence
cctteggtagggggegeecg was used for Cas9 targeting of the N-terminal
region of ADORA2B. Templates for homology directed repair (Supple-
mentary table 1) were synthesised by GeneArt (Thermo Fisher Scien-
tific). Plasmids or genomic DNA sequences amplified by PCR (see
supplementary table 2 for primers) were verified by Sanger sequencing
by the Australian Genome Research Facility (Perth, Australia) using the
method described previously [13].

2.7. ¢cDNA constructs and ligands

A,p receptor cDNA was obtained from Missouri S&T cDNA Resource
Center (www.cdna.org) in a pcDNA3 expression vector. pcDNA3.Nluc
(no stop codon) was synthesised by GeneArt (Thermo Fisher Scientific)
and encodes a fusion of the secretory signal peptide sequence of IL6 on
the N-terminus of Nluc. Nluc/A,p receptor cDNA was generated by
inserting the IL6 signal peptide/Nluc cDNA in-frame before the Asp
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receptor ORF. Adenosine, Angiotensin II (Angll) and XAC-X-BY630
(CA200634) were from Sigma. 5’-(N-Ethylcarboxamido)adenosine
(NECA) was from Abcam. PSB 603, SCH 442416 and xanthine amine
congener (XAC) were from Tocris. TAMRA-Angiotensin II (TAMRA-
AnglI) was from AnaSpec. ABEA-X-BY630 (CA200623) was from Hello
Bio.

2.8. Data presentation and statistical analysis

Data were analysed using GraphPad Prism 7, as described pre-
viously [17]. Briefly, saturation ligand binding curves were generated
using non-linear regression assuming one site binding, simultaneously
fitting both total and non-specific binding (with the exception of SCH
442416 which was fitted as total binding). Competition ligand binding
data and concentration-response data were fitted with sigmoidal curves
generated using non-linear regression assuming one site binding.
Competition ligand binding data were plotted as % maximum BRET
observed in the absence of unlabelled ligand with zero unconstrained.
The baseline response, or full displacement of the fluorescent ligand, is
therefore approximately 40% of maximum. Where appropriate, to cal-
culate the K; of the unlabelled ligands competition binding curves were
fitted using the Cheng-Prusoff equation. Association kinetic data were
analysed with global fitting of the different ligand concentrations, using
non-linear regression. Statistical analysis was performed using
GraphPad Prism 7 using a one-way ANOVA and where appropriate a
multiple comparisons test. For comparisons between gene-edited and
over-expressed Nluc/A,p receptors, statistical analysis was performed
on paired data of three individual repeats. Otherwise comparisons were
made using the individual repeats indicated in the figure legends.
p < .05 was considered significant.

3. Results

To establish if NanoBRET could also be used to monitor ligand
binding at GPCRs under endogenous promotion, we targeted the
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adenosine A,p receptor, encoded by the ADORA2B gene. Preliminary
examination of available expression data sets [35] and literature [36]
indicated relatively low levels of endogenous expression in HEK293
cells, although at levels sufficient to generate a functional response
following ligand stimulation [37]. Additionally, well-validated fluor-
escent adenosine receptor ligands are commercially available.

Using CRISPR/Cas9-mediated homology-directed DNA repair to
append DNA coding for Nluc to the N-terminus of ADORA2B (Fig. 1a),
we engineered HEK293 cells to express Nluc/A,p under endogenous
promotion. Cells obtained were heterozygous for the insert and in-
frame insertion of the Nluc at the target genomic locus was confirmed
via Sanger sequencing of genomic DNA (Supplementary fig. 1a and b).
Analysis of the luminescence generated by live cells (Fig. 1b) showed
only modest luminescence from cells expressing genome-edited Nluc/
A,p receptors, which corresponded to approximately 0.05ng of Nluc/
A,p cDNA transfected transiently per well of a 6 well plate. Further-
more, using relative luminescence as a proxy for expression, the gene-
edited Nluc/Aop was expressed approximately 60-fold lower than the
gene-edited chemokine receptor CXCR4/Nluc that we generated pre-
viously [13] in the same parental cell line (Supplementary fig. 1c),
indicating low levels of endogenous A, receptor expression in HEK293
cells, even compared with other endogenously expressed GPCRs. Next,
we investigated the effect of the genome editing process or fusion of
Nluc onto the N-terminus of the A,p receptor on receptor function.
Consistent with our previous experience [13], no differences in the
potency of NECA-mediated cAMP accumulation were observed between
cells expressing wild type A,g, gene-edited Nluc/A,p or over-expressed
Nluc/A,p receptors (Fig. 1c, Table 1).

To test whether the levels of luminescence generated by gene-edited
Nluc/Aop under endogenous promotion were sufficient to observe li-
gand binding by NanoBRET (Fig. 2a), we initially performed saturation
binding experiments using increasing concentrations of the fluorescent
adenosine receptor antagonist XAC-X-BY630. In live cells incubated at
37 °C, a saturable increase in BRET signal could clearly be observed and
was completely inhibited in the presence of the A,g-selective antagonist
PSB 603 (Fig. 2b). K4 values indicating the affinity of XAC-X-BY630 at
gene-edited A,p receptors were calculated and were comparable to
those obtained using cells transiently transfected with either 0.05 ng or
5ng of cDNA encoding Nluc/A,p per well of a 6 well plate (Table 1).

The very high spatial dependence of resonance energy transfer
means the technique detects highly specific ligand binding, with very
low levels of non-specific binding being observed. Our initial results
using the Ap-selective antagonist PSB 603 (pK; of 9 versus < 5 for
other adenosine receptors [38]) in conjunction with XAC-X-BY630

Table 1
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would indicate that binding was exclusive to gene-edited Nluc/Aag.
However, both A, and A,p receptors have been reported to be ex-
pressed endogenously in HEK293 cells [35]. Therefore, using the se-
lective A,p receptor antagonist SCH 442416 (pK; of 9 versus < 5 for Ajs
and other adenosine receptors respectively [39]) we sought to confirm
our initial observation that non-A,p receptors were not contributing to
the increase in BRET due to binding of XAC-X-BY630. As expected, no
inhibition was observed at 1 uM SCH 442416 (Fig. 2c). However, to
check if SCH 442416 could display the expected on-target A,p effects at
high ligand concentrations, saturation binding in the presence of 10 uM
SCH 442416 (Fig. 2d, p < .05) was also performed. As expected, a
small but significant inhibition of binding was observed that is con-
sistent with 10 uM SCH 442416 binding on-target to Nluc/Ap re-
ceptors, with these results also confirmed in our competition binding
studies (Fig. 3b). Next, we investigated if gene-edited Nluc/A,z was
acting as a donor sink at the plasma membrane that allowed for BRET to
be observed in the presence of a fluorescent ligand as a consequence of
bystander BRET. No specific binding was observed when cells expres-
sing gene-edited Nluc/A,p were incubated with the unrelated fluor-
escent ligand TAMRA-AngIl (Fig. 2e). Finally, we tested if another
fluorescent adenosine receptor ligand could bind gene-edited Nluc/Ag.
For this purpose, we chose a fluorescent derivative of the adenosine
agonist NECA, ABEA-X-BY630. While we noted a small increase in
BRET that was blocked by 10 uM PSB 603 (Fig. 2f), in general a small
window and variable binding was observed. It was therefore not pos-
sible to accurately determine the affinity of ABEA-X-BY630 via sa-
turation ligand binding in our model. Low affinity interaction of this
ligand with the A,p receptor is consistent with the literature [40],
however the relatively small increase in raw BRET could also indicate
poor orientation between the donor and acceptor of the receptor-ligand
pair, or possibly internalisation of the receptor contributing to the ob-
served variability. Nevertheless, this indicates that NanoBRET binding
to gene-edited Nluc/A,p is not confined to XAC-X-BY630.

NanoBRET is a homogenous ligand binding assay, i.e. it doesn't
require wash steps, and can be readily configured to investigate the
kinetics of ligand binding. To further demonstrate that the gene-edited
system can be used in the full range of NanoBRET ligand binding assays,
we performed association kinetic experiments and determined the ki-
netic parameters, Kq values as well as K,, and K, of XAC-X-BY630
binding at gene-edited A,y receptors (Fig. 3a, Table 1), as well as in
cells transiently transfected with 5ng c¢DNA coding for Nluc/A,g
(Fig. 4b). However, due to poor signal and global non-linear regression
fitting, pharmacological parameters could not be determined from cells
transiently transfected with 0.05ng cDNA coding for Nluc/Asp

Summary of pharmacological parameters calculated for ligand binding at adenosine A,y receptors in this study.

Cell line Nluc/A,p CRISPR Nluc/Aog 0.05ng Nluc/Asp 5ng HEK293 wild type Literature pK;
NECA mediated cAMP accumulation (pECs) 5.54 = 0.10 5.68 = 0.10 5.95 = 0.19 5.84 = 0.10

Saturation K4 (nM, XAC-X-BY630) 21.4 = 6.7# 7.2 = 33 14.8 + 1.8# -

Kinetic parameters (XAC-X-BY630)

Kon (M~ min~1) 2.70 + 0.86 x 10°* nd 6.82 = 0.91 x 10°* -

Ko (min~1) 0.016 + 0.003 nd 0.024 = 0.007 -

Kinetic K4 (nM) 88 + 23.5# nd 34.6 = 5.8# -

Competition binding (pKj)

XAC 8.07 = 0.12 8.47 = 0.46 8.59 + 0.18 - 6.9-8.8
PSB 603 7.72 = 0.22 8.68 = 0.78 8.01 + 0.48 - 8.7,9.3
Adenosine nd nd nd - 4.8-5.3
NECA 6.65 = 0.21 nd nd - 5.7-6.9
SCH 442416 nd nd nd - < 5.0

+

Values represent mean

S.E.M. with the number of individual repeats indicated in the relevant figure legends. For comparisons between gene-edited and over-

expressed Nluc/A,p receptors, statistical analysis performed on paired data of three individual repeats. #, indicates a significant difference (p < .05) between the K4
calculated for XAC-X-BY630 in the saturation and kinetic binding experiments. *, indicates a significant difference (p < .05) between the K,, of XAC-X-BY630 in
cells expressing gene-edited Nluc/A,p or 5ng of transfected plasmid. pK; calculated using the Cheng-Prusoff equation as described in Methods using 30 nM XAC-X-
BY630. nd, not determined. pK; values from literature are from the IUPHAR/BPS Guide To PHARMACOLOGY [41] and are against various probes. Values for PSB 603
[38,48] and SCH 442416 [39] where obtained using 0.3nM [*H]PSB 603, 30 nM [*H] NECA or 34 nM [°H] DPCPX as the tracer respectively.

30
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Fig. 2. Saturation NanoBRET ligand binding (a) at gene-edited Nluc/A,p receptors. Cells expressing gene-edited Nluc/A,p receptors were incubated with increasing
concentrations of: XAC-X-BY630 (b-d) in the absence (black circles) and presence (red squares) of 10 uM PSB 603 (b) or 1 uM or 10 uM SCH 442416 (c and d
respectively, blue squares), (¢) TAMRA-AngII in the absence and presence of 10 pM AngII. (f) Cells were incubated without (white bar) or with 1.5 uM ABEA-X-BY630
in the absence (red bar) and presence (black bar) of 10 uM PSB 603.. Saturation ligand binding curves were fitted as described in Methods with points representing the

mean *+
is referred to the web version of this article.)

(Fig. 4e). In general, K, values and kinetic parameters obtained were
comparable between gene-edited and transiently expressed Nluc/A,p,
as well as between saturation and kinetic binding experiments. How-
ever, small but statistically significant differences were observed for
some comparisons (Table 1).

Finally, we investigated if NanoBRET ligand binding at gene-edited
receptors can be used in competition binding assays to estimate the
affinity of unlabelled adenosine receptor ligands. We tested a panel of 5
adenosine ligands and observed concentration-dependent decreases in
the BRET signal, indicative of displacement of XAC-X-BY630, in the
presence of XAC, PSB 603 and NECA (Fig. 3b, Table 1). Adenosine and
the Asa-selective compound SCH 442416 resulted in a decrease in the
BRET signal but did not completely displace the fluorescent ligand at
the concentrations used (Fig. 3b). Similar results were observed in cells
transiently transfected with ¢cDNA coding for Nluc/A,p (Fig. 4c and f,
Table 1) and are within the range reported in the literature [41]. Again,
we observed greater noise and variation at the lower amount (0.05 ng)
of transiently transfected cDNA.

4. Discussion

CRISPR/Cas9 genome engineering has revolutionised many aspects
of cellular biology and this is just as true for GPCR pharmacology as
other fields. Indeed, genome editing has found particular utility in
probing the precise involvement of G proteins in GPCR-mediated cel-
lular signalling via selective knockout of individual G protein subtypes
[42]. However, potentially just as illuminating is the ability to insert a
reporter tag into the genome via CRISPR/Cas9-mediated homology
directed genome editing. This allows for the study of tagged receptors
without the need to use over-expression vectors that have the potential
to confound observations [28]. We have employed this strategy here to
investigate fluorescent ligand binding at receptors under endogenous
promotion with NanoBRET.

We targeted the adenosine A,p receptor expressed in HEK293 cells

31

S.E.M. of three (c-e), four (f) or six (b) independent experiments. **, p < .01. (For interpretation of the references to colour in this figure legend, the reader

for our experiments. As expected, we could readily engineer cells to
express Nluc/A,p receptors under endogenous promotion. Using lumi-
nescence as a proxy for receptor expression, we noted very low levels of
endogenous adenosine A,p receptors in HEK293 cells. Indeed, to gen-
erate a comparable level of luminescence by transient transfection, only
0.05 ng DNA per well of a 6-well plate was required. As seen in Fig. 4,
due to the high background and levels of variability, transient trans-
fection using this amount of cDNA is at the extreme lower range used in
experiments and is not routinely used. This illustrates not only the ex-
ceptional sensitivity of NanoBRET ligand binding assays but also that
endogenous levels of expression are difficult to replicate in transient
expression models. Additionally, this demonstrates that we purposely
did not select a highly expressed receptor for these proof-of-principle
experiments and therefore the method should have wide applicability
for other membrane receptors.

It is worth noting that while Nluc did not appear to affect the
function of Aop receptors expressed under endogenous promotion in
HEK293 cells via cAMP signalling assays, the cells generated for these
experiments were heterozygous for the insert. Therefore the presence of
unedited wildtype receptor could mask any changes in function of the
gene-edited receptor. However no change in NECA-mediated cAMP
responses were observed when Nluc/A,g receptors were over-ex-
pressed, indicating fusion of Nluc to the N-terminus of A,p receptors is
well tolerated. The focus of our experiments was to establish if
NanoBRET ligand binding could be observed at receptors under en-
dogenous promotion. Therefore, we did not examine in detail whether
the engineering resulted in changes in endogenous receptor expression
or receptor localisation, which may be altered due to the editing process
or addition of Nluc. In our experience, Nluc does not normally cause
mis-localisation, conceivably due to the stabilisation performed during
the initial engineering of the native form of the luciferase [18]. How-
ever insertion of Nluc into the genome may also alter the rate of mRNA
and/or adenosine A,y receptor synthesis and/or degradation, as well as
their stability. Furthermore, genetic drift [43] and/or signal pathway
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Fig. 3. Kinetic and competition ligand binding at gene-edited Nluc/A,p re-
ceptors. (a) Cells expressing gene-edited Nluc/A,p receptors were treated with
20, 40, 80 and 160 nM XAC-X-BY630 (blue circles, open circles, red squares and
closed black squares respectively) and BRET between Nluc and the fluorescent
ligand was measured for 60 min. (b) Displacement of 30 nM XAC-X-BY630
binding to gene-edited Nluc/A,p by XAC (10 pM — 10 uM, black triangles), PSB
603 (100 pM - 100 puM, blue diamonds), NECA (100 pM - 100uM, open
squares), SCH 442416 (100 pM - 100 uM, red circles) and adenosine (1 nM —
1 mM, closed black circles). Corrected BRET ratio was calculated as described in
Methods. (b) shows % of maximum BRET observed for binding of 30 nM XAC-X-
BY630 in the presence of vehicle only. Kinetic and competition binding curves
were fitted as described in Methods with points representing the
mean * S.E.M. in (a) six and (b) six (SCH 442416), seven (adenosine, NECA
and XAC) or ten (PSB 603) independent experiments. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

rewiring [44] due to clonal isolation could have resulted in changes in
Nluc/A,p receptor expression compared to expression of wildtype re-
ceptor in the parental HEK293 cell lines. A further important con-
sideration of using HEK293 cells is that they have a non-diploid kar-
yotype and therefore generation of cells homozygous for the Nluc/Asp
fusion is a rare occurrence. As noted above, without the generation of
homozygous clones, untagged A,p receptors would still be present,
which, in addition to other endogenously expressed adenosine receptor
subtypes, may provide additional sites for binding of the non-specific
fluorescent ligand. Adenosine A,p receptors are thought to form homo/
hetero-oligomers [45] and BRET is routinely used to investigate the
close proximity of two tagged receptors albeit in exogenous over-
expression models. Therefore we cannot rule out these sites con-
tributing to an increase in BRET following application of the fluorescent
ligand. However as discussed below, our data using the selective
compound SCH 44241 suggest we were not detecting binding to ade-
nosine A,a receptors and due to the strong distance dependence of
BRET it is highly unlikely that specific binding to these untagged A,p
receptors would have been observed. Nevertheless, despite these ca-
veats and exceptionally low levels of expression, we were able to ob-
serve clear reproducible fluorescent ligand binding via NanoBRET.
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The utility of the NanoBRET ligand binding assay is the ability to
determine pharmacological parameters of binding affinity in real-time,
in live cells and at physiological temperatures. The affinities de-
termined for the fluorescent probe XAC-X-BY630 at both gene-edited
and over-expressed Nluc/A,g receptors are within the range of those
reported for the parental XAC compound [41]. Across the conditions
tested (gene-edited as well as 0.05ng and 5ng over-expressed Nluc/
A,p), binding affinities of labelled and unlabelled ligands were in
general agreement, confirming the utility of both gene-edited and over-
expressed assay configurations. For the A,p selective compound PSB
603, we noted across all assay configurations, a reduction in the BRET
ratio generated by binding of XAC-X-BY630 even at the lowest con-
centration used (100 pM), as well as a lower binding affinity than in-
itially reported. PSB 603 has been reported to act as an inverse agonist
[46] and to have allosteric properties [47] that may be contributing to
this effect. The initial report of sub-nanomolar affinity (0.55 nM) of PSB
603 at A,p receptor used a radioactive 0.3 nM [®H]PSB 603 tracer in
membrane preparations and also reported almost no displacement of
radio-ligand traces from A;, Ay and Aj receptors (K4 > 10,000 nM)
[38]. However, in recent studies the affinity of PSB 603 was reported to
be significantly lower (K; 1.89 nM) when 30 nM [®H] NECA was used as
the tracer [48]. Furthermore, the apparent dissociation equilibrium
constant (Kg) of PSB 603 against a range of agonists was reported to be
3.6-66 nM [47]. Combined, these reports indicate that differences in
assay conditions and/or probe-dependence could explain the observa-
tions seen here. Indeed, in agreement with this, in whole cell compe-
tition binding assays, PSB 603 was observed to have much high affinity
(pK; of 7.38 and 7.25) for A; and Aj; respectively than reported initially
when a modified version of XAC-X-BY630 (CA200645) was used as the
fluorescent probe [49]. The extensive characterisation needed to fully
delineate the causes of the PSB 603 observations and the small differ-
ences in binding affinity parameters found between assay configura-
tions is currently hampered by the lack of additional fluorescent ade-
nosine A,p receptor probes and was beyond the scope of our primary
method development objective. Therefore, the possibility that either
technical or intrinsic properties of the assay and/or ligands used are
influencing the observations should be considered when interpreting
the results.

NanoBRET ligand binding assays are possible only due to the de-
velopment of fluorescent ligands. While these probes are used to in-
vestigate receptor binding via fluorescent microscopy, they can exhibit
high levels of non-specific binding due to partitioning into lipophilic
membrane environments or uptake into the cells. The high distance
dependence of BRET overcomes this limitation, resulting in low levels
of observable non-specific binding over a wide range of concentrations.
Indeed, no binding was observed when we incubated cells with the
unrelated fluorescent ligand TAMRA-AngII, confirming that bystander
BRET has little effect in these assays. Additionally, we used the non-
subtype-specific XAC fluorescent derivative and observed virtually no
non-specific binding despite A,s receptors also being expressed en-
dogenously in HEK293 cells [35,47]. This is in contrast to traditional
radio- or fluorescent-ligand binding assays where the use of non-sub-
type specific probes in systems expressing more than one target re-
ceptor requires extensive pharmacological characterisation and there-
fore high-affinity subtype selective probes are preferable. Furthermore,
the use of CRISPR/Cas9 to generate cells expressing genome-edited
Nluc-tagged receptors diminishes one of the few advantages that radio-
and fluorescent-ligand binding have over resonance energy based
binding techniques, as over-expression vectors are not required.

While significant advancement has been made in the availability of
fluorescent ligands [50], development of suitable fluorescent probes
has the potential to limit the use of NanoBRET ligand binding. There-
fore, the ability to use non-subtype-specific probes to investigate ligand
binding in resonance energy binding assays is particularly useful and
shifts the focus of specificity from the ligand to the receptor. Indeed,
this allows for the use of a single fluorescent probe at multiple Nluc-
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Fig. 4. NanoBRET ligand binding at over-expressed Nluc/A,p receptors. Ligand binding in HEK293 cells transiently transfected with 0.05ng (a-c) or 5ng (d-f)
plasmid DNA coding for Nluc/A,p per well of a 6-well plate. (a and d) saturable ligand binding could be observed by incubating cells with increasing concentrations
of XAC-X-BY630 in the absence (black circles) and presence (red squares) of 10 uM PSB 603. (b and e) Kinetic ligand binding in cells transiently transfected with
Nluc/A,p receptors was observed by treatment of cells with 20, 40, 80 and 160 nM XAC-X-BY630 (blue circles, open circles, red squares and closed black squares
respectively) and monitoring BRET between Nluc and the fluorescent ligand for 60 min. (¢ and f) Displacement of 30 nM XAC-X-BY630 binding in cells transiently
transfected with Nluc/A,p receptors by XAC (10 pM - 10 pM, triangles), PSB 603 (100 pM — 100 uM, blue diamonds), NECA (100 pM — 100 uM, open squares), SCH
442416 (100 pM - 100 pM, red circles) and adenosine (1 nM - 1 mM, closed black circles). Corrected BRET ratio was calculated as described in Methods. (c and f)
plotted as % of maximum BRET observed for binding of 30 nM XAC-X-BY630 in the presence of vehicle only. Saturation, competition and kinetic curves were fitted as
described in Methods with points representing the mean + S.E.M. of three independent experiments. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

tagged receptors, which is simpler to develop than the extensive med-
icinal chemistry required for the design of highly selective subtype-
specific fluorescent ligands. This approach shows great promise in
streamlining the development of fluorescent probes and has recently
been elegantly exploited to investigate ligand binding by fluorescence
resonance energy transfer assays where a non-specific probe was de-
veloped that bound 14 aminergic GPCRs with sub-nanomolar affinity
[51].

5. Conclusions

Here we present the first application of NanoBRET to monitor ligand
binding at a GPCR under endogenous promotion in living cells. This
combines the advantages of NanoBRET fluorescent ligand binding with
the ability to investigate binding to non-overexpressed receptors. This
advance is unlikely to be limited to GPCRs and should be applicable to
investigate ligand binding by NanoBRET at other membrane proteins
such as receptor tyrosine kinases. Additionally, the adaptability of gene-
editing would allow targeted insertion of SNAP and/or Halotags re-
quired for lanthanide based time-resolved fluorescence resonance en-
ergy transfer-based binding assays. Our results represent a timely im-
provement in the NanoBRET ligand binding assay and, along with the
progressive development of fluorescent ligands, the use of CRISPR/Cas9
genome engineering to generate Nluc-tagged receptors should facilitate
efforts to investigate receptor function in models of greater physiolo-
gical relevance.
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