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ABSTRACT
Smoothened (SMO) is a GPCR that mediates hedgehog signal-
ing. Hedgehog binds the transmembrane protein Patched, which
in turn regulates SMO activation. Overactive SMO signaling is
oncogenic and is therefore a clinically established drug target.
Here we establish a nanoluciferase bioluminescence resonance
energy transfer (NanoBRET)-based ligand binding assay for
SMO providing a sensitive and high throughput-compatible
addition to the toolbox of GPCR pharmacologists. In the
NanoBRET-based binding assay, SMO is N terminally tagged
with nanoluciferase (Nluc) and binding of BODIPY-cyclopamine
is assessed by quantifying resonance energy transfer between
receptor and ligand. The assay allowed kinetic analysis of ligand-
receptor binding in living HEK293 cells, competition binding
experiments using commercially available SMO ligands (SANT-
1, cyclopamine-KAAD, SAG1.3 and purmorphamine), and

pharmacological dissection of two BODIPY-cyclopamine bind-
ing sites. This high throughput-compatible assay is superior to
commonly used SMO ligand binding assays in the separation of
specific from non-specific ligand binding and, provides a suitable
complement to chemical biology strategies for the discovery of
novel SMO-targeting drugs.

SIGNIFICANCE STATEMENT
We established a NanoBRET-based binding assay for SMO with
superior sensitivity compared to fluorescence-based assays.
This assay allows distinction of two separate binding sites for
BODIPY-cyclopamine on the SMO transmembrane core in live
cells in real time. The assay is a valuable complement for drug
discovery efforts and will support a better understanding of
Class F GPCR pharmacology.

Introduction
Smoothened (SMO) is a G protein-coupled receptor (GPCR)

that, alongside 10 paralogs of Frizzleds, forms the Class F of
GPCRs (Schulte, 2010). SMO signaling is of utmost impor-
tance during embryonic patterning and development, and
dysfunction of SMO signaling is causative in the development
of diverse tumors including basal cell carcinoma (Ingham and
McMahon, 2001). Therefore, pharmacological targeting of
SMO and SMO signaling evolved as an attractive antitumor
treatment strategy established in clinical practice (Wu et al.,
2017). On a structural level, this seven-transmembrane
domain spanning receptor is characterized by a large, extracel-
lular cysteine-rich domain (CRD) and a longC-terminal domain

(Schulte, 2010). While SMO is essential for transmitting
transcriptional responses via heterotrimeric G proteins and
Glioma-associated oncogene (Gli) signaling induced by hedge-
hog proteins (three mammalian homologs: Desert, Indian,
and Sonic hedgehog), the nature and mode of action of the
endogenous ligand and the mechanisms of receptor activation
are not fully understood (Byrne et al., 2016; Kong et al., 2019;
Schulte and Kozielewicz, 2019). It is known that hedgehog
proteins bind Patched, a cholesterol transporter, which in turn
regulates SMO activation by postulated regulation of cholesterol
levels (Zhang et al., 2018b). Cholesterol and other naturally
occurring sterols are positive allosteric modulators and agonists
of SMO in Gli and G protein-dependent signaling (Nachtergaele
et al., 2012; Sever et al., 2016; Raleigh et al., 2018; Kowatsch
et al., 2019; Qi et al., 2019). Moreover, recently solved structures
of SMO in its active conformation have provided valuable insight
into ligand-induced activationmechanismof theClass F receptor
(Deshpande et al., 2019; Qi et al., 2019).
Due to the distinct link to human cancer and occurrence of

several cancer-associated SMO mutations [e.g., D473H6.54 or
W535L7.55; superscript numbering refers to Ballesteros Wein-
stein nomenclature of GPCRs (Ballesteros and Weinstein,
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1995)], a plethora of small ligands, antagonists and inverse
agonists, has been developed to target this receptor (Wu et al.,
2017). Three of these compounds, vismodegib, sonidegib, and
glasdegib, are approved as drugs for the treatment of basal-
cell carcinoma (vismodegib and sonidegib) and acute myeloid
leukemia (glasdegib) (Chen, 2016; Hoy, 2019). In addition,
nature provides an effective SMO antagonist, the plant
alkaloid cyclopamine (Incardona et al., 1998; Taipale et al.,
2000). These and other ligands, such as SMO agonists (e.g.,
SAG series of analogs, purmorphamine), neutral antagonists
(e.g., SANT-1), or inverse agonists (e.g., cyclopamine-KAAD),
are frequently used to explore SMO pharmacology (Chen
et al., 2002b; Rominger et al., 2009; Chen, 2016). There are
two binding pockets on the transmembrane core of SMO
(Wang et al., 2014). The upper binding pocket can accommo-
date ligands, such as SAG or vismodegib, whereas the lower
binding pocket binds, e.g., SANT-1. To date, binding affinities
of the SMO ligands were determined using classic radioligand
binding methods (Frank-Kamenetsky et al., 2002; Rominger
et al., 2009; Wang et al., 2014) and, more often, fluorescence-
based assays using the green-yellow fluorescent BODIPY-
cyclopamine (Chen et al., 2002a,b; Manetti et al., 2010;
Gorojankina et al., 2013; Huang et al., 2016, 2018). The
fluorescently labeled cyclopamine has been used in three
separate experimental approaches: assessment of ligand-
receptor interaction based on detection of fluorescence using
confocal microscopy, flow cytometry, or fluorescence polariza-
tion (Chen et al., 2002a,b; Bee et al., 2012; Gorojankina et al.,
2013; Huang et al., 2016, 2018; Lu et al., 2018). While these
methods offer valuable insight into ligand-receptor binding in
live cells, they suffer from several shortcomings, including 1)
laborious protocols that require long ligand incubation times
(up to 10 hours); 2) extensive cell washing due to lipophilicity
of BODIPY-cyclopamine; 3) high levels of non-specific binding
in untransfected cells or in the presence of saturating concen-
trations of unlabeled competitors; 4) the need for data normal-
ization of BODIPY-fluorescence values to receptor expression
values; and 5) in the case of radioligand binding experiments,
health risks, need for well-controlled designated areas, and
waste disposal.
To overcome these experimental limitations, we estab-

lished and validated a live-cell, nanoluciferase bioluminescence
resonance energy transfer (NanoBRET)-based binding assay to
assess the binding properties of BODIPY-cyclopamine and
unlabeled SMO ligands to an N terminally nanoluciferase
(Nluc)-tagged SMO (Nluc-SMO) and SMO lacking the CRD
(DCRDNluc-SMO) inHEK293 cells devoid of endogenous SMO
(DSMO HEK293). This proximity-based ligand-binding assay
was developed recently to assess ligand binding to Class A
GPCRs and receptor tyrosine kinases (Stoddart et al., 2015,
2018a,b; Mocking et al., 2018; Bosma et al., 2019; Bouzo-
Lorenzo et al., 2019; Sykes et al., 2019). It relies on the high
specificity of BRET between Nluc-tagged protein (BRET donor)
and fluorescently tagged ligand (BRET acceptor) that can only
occur when both BRET partners are within a distance of 10 nm
(100 Å). Thus, the interference of non-specifically bound probe,
outside of the BRET radius to the receptor is, in contrast to
detecting solely ligand fluorescence,minimal. Along these lines,
no washing steps are required. In the present study, we employ
NanoBRET to monitor binding of commercially available SMO
ligands. Furthermore, the sensitivity of the assay enabled us to
dissect the pharmacological properties of separate BODIPY-

cyclopamine binding pockets in the transmembrane-spanning
receptor core of the Class F receptor SMO. Thus, this
NanoBRET-based binding assay provides a valuable comple-
ment to the toolbox of high-throughput compatible screening
assays for Class F GPCRs.

Materials and Methods
DNACloning andMutagenesis. Nluc-A3was fromStephenHill,

University of Nottingham, UK (Stoddart et al., 2015). SMO-Rluc8
coding for mouse Smoothened was from Nevin A. Lambert, Augusta
University, Georgia (Wright et al., 2019). The mouse SMO sequence
was subcloned into an empty N terminally tagged Nluc vector
containing 5-HT3A signal peptide using BamHI and XbaI restriction
sites. First, the BamHI site present inmouse SMOwas removed using
site-directed mutagenesis (GeneArt; Thermo Fisher Scientific) with
the following primers: 59-CCTCCAGGGGCTGGGGTCCATTCATTC
CCGC-39 (forward primer) and 59-GCGGGAATGAATGGACCCCAG
CCCCTGGAGG-39 (reverse primer). Next, the mouse SMO sequence
was cloned in-frame into the Nluc vector using forward primer: 59-GA
CGGATCCGCGGCCTTGAGCGGGAACGTG-39 and reverse primer:
59-CGTTCTAGATCAGAAGTCCGAGTCTGCATC-39. DCRD Nluc-
SMO was generated using the mouse SMO lacking the BamHI site
by cloning it intoN terminally taggedNluc vector betweenBamHI and
XbaI using forward primer: 59-GACGGATCCGAGGTACAAAACATC
AAGTTC-3; and reverse primer: 59-CGTTCTAGATCAGAAGTCCGA
GTCTGCATC-39. DCRD and full-length Nluc-SMO D477G6.54/
E522K7.38 were generated with site-directed mutagenesis (GeneArt;
Thermo Fisher Scientific) by first obtaining D477G6.54 mutation with
the following primers: 59-GCTGCCACTTCTATGGCTTCTTCAACC
AGGC-39 (forward primer) and 59-GCCTGGTTGAAGAAGCCATAG
AAGTGGCAGC-39 (reverse primer). Subsequently the E522K7.38

mutation was introduced with 59-CCCAGCCTCCTGGTGAAGAAG
ATCAATCTAT-39 (forward primer) and 59-ATAGATTGATCTTCT
TCACCAGGAGGCTGGG-3 (reverse primer). All constructs were
validated by sequencing (Eurofins GATC, Konstanz, Germany).

Cell Culture. DSMOHEK293 cells were generated with CRISPR/
Cas9 genome editing using SMO-targeting sgRNA 59-CAACCCCAA
GAGCTGGTACGAGG-39. The cells were cultured in DMEM
(HyClone) supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, and 1% L-glutamine (all Thermo Fisher Scientific) in
a humidified CO2 incubator at 37°C. To generate cell lines stably
expressing Nluc-SMO and DCRD Nluc-SMO, DSMO HEK293 cells were
transfected with Nluc-SMO and DCRD Nluc-SMO constructs using
Lipofectamine 2000 (Thermo Fisher Scientific), according to the manu-
facturer’s instructions. About 24 hours post transfection, cells were
passaged at 1:10, and 48 hours post transfection medium was supple-
mented with 2000 mg/ml geneticin (Thermo Fisher Scientific). The
medium was replaced every 2 days to select the cells transfected with
the plasmids. The cells were maintained in the presence of the antibiotic
for a period of 3weeks until the stable culturewas established. Absence of
mycoplasma contamination was routinely confirmed by PCR using 59-
GGCGAATGGGTG AGTAACACG-39 and 59-CGGATAACGCTTGCG
ACTATG-39 primers detecting 16S ribosomal RNA of mycoplasma in
the media after 2 to 3 days of cell exposure. All cell culture plastics were
from Sarstedt, unless otherwise specified.

Live-Cell ELISA. For quantification of cell surface receptor
expression by labeling with anti-Nluc antibody, DSMO HEK293 cells
at the density of 4×� 105 cells/ml were transfected in suspension using
Lipofectamine 2000 with 50–500 ng of the indicated receptor plasmid
DNAwith 500–950 ng of pcDNA plasmid DNA. The cells (100 ml) were
seeded onto a PDL (poly-D-lysine)-coated transparent 96-well plate
with flat bottom and grown overnight. Twenty-four hours later, the
cells were washed twice with 0.5% BSA in PBS and incubated with
a mouse anti-Nluc (2 mg/ml, #MAB10026; RnD Systems) in 1% BSA/
PBS for 1 hour at 4°C. Following incubation, the cells were washed
four times with 0.5% BSA/PBS and incubated with a horseradish
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peroxidase-conjugated goat anti-mouse antibody (1:3000, #31430;
Thermo Fisher Scientific) in 1% BSA/PBS for 1 hour at 4°C. The cells
were washed three times with 0.5% BSA/PBS, and 50 ml of the
peroxidase substrate 3,39,5,59-tetramethylbenzidine (#T8665; Sigma-
Aldrich, St. Louis, MO, USA) were added. The cells were incubated
further for 20 minutes, and upon development of a blue product, 50 ml
of 2 M HCl was added and the absorbance was read at 450 nm using
a BMG V POLARstar plate reader. The data were analyzed in
GraphPad Prism 6.

Immunoblotting. DSMO HEK293 cells were transfected in sus-
pension using Lipofectamine 2000 (50–500 ng of receptor plasmid
DNA with 500–950 ng of pcDNA plasmid DNA per 4×� 105 cells/ml)
and seeded (700 ml) onto wells of a 24-well plate. Protein lysates
were obtained using Laemmli buffer with 0.5% NP-40 and
5% b-mercaptoethanol. Lysates were sonicated and analyzed
on 4%–20% Mini-PROTEAN TGX precast polyacrylamide gels (Bio-
Rad) and transferred to PVDF membranes using the Trans-Blot
Turbo system (Bio-Rad). After blocking with 5% milk in TBS-T,
membranes were incubated with primary antibodies in blocking
buffer: rabbit anti-GAPDH (1:5000, #2118; Cell Signaling Technol-
ogy) and mouse anti-Nluc (0.5 mg/ml, #MAB10026; RnD Systems)
overnight at 4°C. Proteins were detectedwith horseradish peroxidase-
conjugated secondary antibody [1:5000; goat anti-rabbit (#31460;
Thermo Fisher Scientific)or 1:3000; goat anti-mouse (#31430;
Thermo Fisher Scientific), and Clarity Western ECL Blotting
Substrate (Bio-Rad)]. All uncropped blots can be found in the
Supplemental Fig. 1.

NanoBRET Binding Assay. DSMO HEK293 cells were tran-
siently transfected in suspension using Lipofectamine 2000 (Thermo
Fisher Scientific). Cells (4 � 105 cells/ml) were transfected with
50–500 ng of receptor plasmid DNA and 500–950 ng of pcDNA. The
cells (100 ml) were seeded onto a PDL-coated black 96-well cell culture
plate with solid flat bottom (Greiner Bio-One). Twenty-four hours
post-transfection, cells were washed once with HBSS (HyClone) and
maintained in the same buffer. In the saturation experiments, the
cells were incubated with different concentrations of BODIPY-
cyclopamine (80 ml) for 60 minutes at 37°C before the addition of the
luciferase substrate coelenterazine h (5 mM final concentration, 10 ml)
for 6 minutes prior to the BRET measurement. In the competition
experiments, the cells were preincubated with different concen-
trations of unlabeled ligands (70 ml) for 30 minutes at 37°C. Fixed
concentration of BODIPY-cyclopamine was then added (10 ml) and
the cells were incubated for an additional 60 minutes at 37°C before the
addition of the luciferase substrate coelenterazine-h (5 mM final concen-
tration, 10 ml) for 6 minutes prior to the BRET measurement. In the
association experiments, the cells were preincubated with 10 mMSANT-1
(30 minutes), followed by coelenterazine-h h (5 mM final concentration) at
37°Cprior to theadditionofdifferentBODIPY-cyclopamineconcentrations.
The BRET signal wasmeasured everyminute for 90minutes at 37°C. The
BRET ratio was determined as the ratio of light emitted by BODIPY-
cyclopamine (energy acceptor) and light emitted byNluc-tagged biosensors
(energy donors). The BRET acceptor (bandpass filter 535–30 nm) and
BRET donor (bandpass filter 475–30 nm) emission signals weremeasured
using a CLARIOstar microplate reader (BMG). DBRET ratio was
calculated as the difference in BRET ratio of cells treated with ligands
and cells treatedwith vehicle. BODIPY fluorescencewasmeasured prior to
reading luminescence (excitation: 477–14 nm, emission: 525–30 nm). To
calculate Z-factors (Zhang et al., 1999), DSMO HEK293 stably over-
expressing Nluc-SMO or DCRD Nluc-SMO were plated onto PDL-coated
96-well plates. On the next day, the cells were pre-incubated either with
vehicle (0.1% dimethylsulfoxide, 48 wells) or 10 mM SANT-1 (48 wells) for
30 minutes at 37°C prior to the addition of BODIPY-cyclopamine (200 nM
forNluc-SMOstable cells and10nMforDCRDNluc-SMOstable cells). The
following equation was used to calculate Z-factor:

Z2 factor512
3ðSD  ðraw BRET   ratiovehicleÞ1SD 

�
raw BRET   ratio10  mM  SANT2 1 

�
jmean  ðraw BRET   ratiovehicleÞ2mean 

�
raw BRET   ratio10  mM  SANT2 1 

�

Data were analyzed using GraphPad Prism 6.
Computational Studies. Molecular docking was conducted with

Glide SP (2018-4; Schrödinger LLC, New York, 2018) using default
parameters. BODIPY-cyclopamine was docked to a 25 � 25 � 25 Å3

box located either on the mass center of SAG21k (i.e., the upper
binding pocket) or to the mass center of both SAG21k and the 7TM-
bound cholesterol (i.e., the lower binding pocket) of SMO [PDB ID:
6O3C (Deshpande et al., 2019)]. Prior to docking, the SMO structure
was preparedwith protein preparationwizard of SchrödingerMaestro
and BODIPY-cyclopamine conformations generated using LigPrep
with Epik in pH 76 2 (Shelley et al., 2007). The protocol was tested by
docking cyclopamine to the same SMO structure (PDB ID: 6O3C) and
comparing it to the cyclopamine-SMO complex (PDB ID: 4O9R,
Supplemental Fig. 2). It reproduced a similar cyclopamine binding
pose to that in the crystal structure (Supplemental Fig. 2). The active
SMO has a larger binding site compared with the inactive SMO; this
may contribute to the ligandRMSD5 2.55 Å (the highest scoring pose,
Glide DockingScore).

Solvent-accessible surface areas were calculated and solvent-
accessible surfaces visualized with Biovia DiscoverStudio Visualizer
2017 R2 (Dassault Systèmes SE) using 960 grid points per atom
and probe radius of 1.40 Å. Active SMO structure (PDB ID: 6O3C)
was used as a representative of a full-length SMO, whereas active
DCRD-SMO structure [PDB ID: 6OT0 (Qi et al., 2019)] was used as
a representative of a DCRD-SMO. 6O3C and 6OT0 were selected
for the calculation as they represent the same conformational
state (ligand-bound, active) of the receptor and offer thus the best
comparability between the currently solved SMO and DCRD SMO
structures.

Ligands. BODIPY-cyclopamine was from BioVision Inc. Purmorph-
amine (9-cyclohexyl-N-[4-(4-morpholinyl)phenyl]-2-(1-naphthalenyloxy)-
9H-purin-6-amine) was from Abcam. SAG1.3 (3-chloro-N-[trans-4-
(methylamino)cyclohexyl]-N-[[3-(4-pyridinyl)phenyl]methyl]benzo
[b]thiophene-2-carboxamide) was from Sigma. Cyclopamine-KAAD
and SANT-1 ((4-benzyl-piperazin-1-yl)-(3,5-dimethyl-1-phenyl-1H-
pyrazol-4-ylmethylene)-amine) were from Abcam. All ligands were
dissolved in dimethylsulfoxide and stored in aliquots at 220°C.
The ligands underwent a maximum of two freeze-thaw cycles.
Coelenterazine-h was from Biosynth and it was stored as 2.4 mM
aliquots in acidified ethanol at 280°C. Protein-low binding tubes
(Eppendorf) were used to make serial dilutions of BODIPY-cyclopamine.

Data and Statistical Analysis. Live-cell ELISA data were
analyzed using GraphPad Prism 6 and represent mean 6 S.E.M. of
n individual experiments (biological replicates) performed at least in
duplicates (technical replicates). Live-cell ELISA data were analyzed
for differences with one-way ANOVA with Fisher’s least significant
difference post hoc analysis. Significance levels are given as *P, 0.05;
**P , 0.01; ***P , 0.001; ****P , 0.0001. Please refer to the figure
legends for more details on the displayed data.

BODIPY-cyclopamine saturation curves were fit using three-
parameter or biphasic nonlinear regression models (logarithmic
scale for BODIPY-cyclopamine concentrations) or one- or two-site
saturation nonlinear regression models (linear scale for BODIPY-
cyclopamine concentrations). Error bars on the binding curves
represent mean 6 S.E.M. from n independent experiments for each
tested concentration. Affinity values obtained from logarithmic scale
data are presented as a best-fit pKd (pKi for unlabeled ligands)6 S.D.
Maximal binding values obtained from linear data are presented as
a best-fit Bmax with 95% confidence interval (CI). NanoBRET binding
models were selected based on an extra-sum-of square F-test
(P , 0.05).

Competition binding curves were analyzed using a one-site com-
petitive binding model to obtain equilibrium dissociation constants
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values (Ki) of unlabeled ligands as per the modified Cheng-Prusoff
equation (Cheng and Prusuff, 1973):

logIC50 5 log 10
logKip

�
11 ½LL�

Kd

�0
B@

1
CA

where Ki is the searched dissociation constant of an unlabeled
ligand, IC50 is the inhibitory constant 50 of an unlabeled ligand
obtained from the competition curve, [LL] is the concentration of
a labeled ligand used in the competition experiment, and Kd is the
equilibrium dissociation constant of a labeled ligand obtained from the
saturation studies.

To analyze the labeled ligand binding kinetics data, one-phase
association or two-phase associationmodels were selected based on an
extra-sum-of square F-test:

One-phase association:

Y5Y0 1 ðplateau2Y0Þp
�
12 eð2kobspxÞ

�

Two-phase association:

Y5Y0 1Span  fastp
�
12 eð2kobsfast  pxÞ

�
1Span  slowp

�
12 eð2kobs   slow  pxÞ

�

where Y0 is Y value at time x 5 0, plateau is the Y value at infinite
times, and kobs is the association constant expressed in 1

min, t1/25 ln(2)/
kobs.

kon (Association rate) and koff (dissociation rate) are calculated from
the following linear equation:

kobs 5   kof f 1 konp½LL�

“Kinetic” Kd is calculated using kon and koff and represented with
6S.D.:

Kd 5  
kof f
kon

Results
N Terminally Nluc Tagged SMO Constructs Are

Expressed at the Cell Surface. To establish a Nano-
BRET-based binding assay for the Class F receptor SMO, we
adopted the cloning strategy of previously presented Class A
GPCR including a 5-HT3A receptor-derived signal sequence
and an extracellular, N terminally Nluc fused to either the
full-length mouse SMO or DCRD SMO. Subsequently, these
constructs are referred to as Nluc-SMO and DCRDNluc-SMO,
respectively (Fig. 1A). Both receptor constructs are expressed
in the cells and at the cell surface upon transient transfection
of DSMO HEK293 cells as shown by immunoblotting of whole
cell lysates and a live-cell surface ELISA (Fig. 1, B and C).
BODIPY-cyclopamine Binding to Nluc-SMO Can Be

Monitored by NanoBRET. The commercially available
BODIPY-labeled derivative of the plant alkaloid cyclopamine
(BODIPY-cyclopamine; Fig. 2A) associates with Nluc-SMO
transiently expressed in DSMO HEK293 cells in a concentra-
tion-dependent manner, reaching saturation at ∼1000 nM
(pKd 5 6.8 6 0.1, Fig. 2, B and C), which is consistent
with recently published data (Lu et al., 2018). Similarly,
BODIPY-cyclopamine binds theDCRDSMO construct (biphasic
fit pKd1 5 8.4 6 0.2, Fig. 2, D and E) with higher affinity and
importantly the NanoBRET produced by BODIPY-cyclopamine
binding was larger in the DCRD Nluc-SMO compared with

Nluc-SMO (two-sites fit DBRET Bmax1 DCRD receptor 5
0.080, 95% CI [0.07–0.09] and one-site fit DBRET Bmax full-
length receptor5 0.034, 95% CI [0.031–0.036]). Furthermore,
BODIPY-cyclopamine binding to DCRD Nluc-SMO was more
complex than binding to Nluc-SMO as indicated by the
biphasic binding curve forDCRDNluc-SMOespecially at higher
concentrations of the ligand (biphasic fit pKd2 5 6.8 6 0.7 and
DBRET Bmax2 5 0.033, 95% CI [0.021–0.045]).
While quantification of BODIPY-cyclopamine binding on

living cells was assessed 60 minutes after ligand addition, we
were also interested in the binding kinetics of BODIPY-
cyclopamine. Therefore, we followed BODIPY-cyclopamine

Fig. 1. Construct validation of the N terminally tagged Nluc-SMO. (A)
Schematic presentation of the NanoBRET Nluc-SMO and DCRD Nluc-
SMO sensors for BODIPY-cyclopamine binding. (B) Validation of cellular
expression of Nluc-SMO and DCRDNluc-SMO upon transient transfection
into DSMO HEK293 cells. Nluc-A3 was used as a positive control. Cell
lysates were analyzed by immunoblotting using anti-Nluc antibody and
anti-GAPDH served as a loading control. The higher apparent molecular
weights of Nluc-A3 (predicted molecular weight 5 55 kDa), Nluc-SMO
(predicted molecular weight 5 103 kDa) and DCRD Nluc-SMO (predicted
molecular weight 5 87 kDa) could be a result of N-glycosylation of the
receptors. The experiments were repeated three timeswith similar results.
(C) Surface expression of Nluc-SMO (left) andDCRDNluc-SMO (right) was
quantified by ELISA based on labeling with an anti-Nluc antibody. Raw
data are shown from n 5 3 individual experiments and are presented as
mean 6 S.E.M.; ***P , 0.001, ****P , 0.0001 (one-way ANOVA).
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association at different ligand concentrations usingNluc-SMO
and DCRD Nluc-SMO expressing DSMO HEK293 cells
(Fig. 3). The kinetic analysis results are summarized in
Tables 1 and 2 and Supplemental Fig. 3. The kinetic binding
analysis underlined that the affinity of BODIPY-cyclopamine
to the DCRD Nluc-SMO was higher and BRET counts
were larger compared with Nluc-SMO. The kinetic Kd values
(105 6 25 and 23 6 16 nM for the full-length and DCRD
receptors, respectively) were in fair agreement with the values
obtained from saturation binding experiments. Moreover,
association of BODIPY-cyclopamine (1000 nM) to DCRD
Nluc-SMO followed a two-phase curve arguing for the in-
volvement of another binding site (Table 2), which is consis-
tent with the saturation binding results. To further dissect
BODIPY-cyclopamine association to SMO we employed the
SMO antagonist SANT-1 at 10 mM, which interacts with the
7TM core of the receptor (Chen et al., 2002b). For both receptor
constructs SANT-1 reduced association of BODIPY-cyclopamine
at the lower concentrations, but did not completely abrogate
binding of 1000 nM BODIPY-cyclopamine.
NanoBRET-Based Ligand Binding Is Superior to

Fluorescence-Based Quantification of BODIPY-cyclopamine
Binding to SMO. Cyclopamine is chemically similar to
cholesterol, rendering it cell permeable and lipophilic resulting

in detectable nonspecific binding to cells and particularly
membranes. When comparing the increase in NanoBRET
between BODIPY-cyclopamine and Nluc-SMO (or DCRD
Nluc-SMO) with the increase in the fluorescence signal
emerging from BODIPY-cyclopamine, specific and saturable
binding can be detected by NanoBRET already in the lower
nanomolar range, especially with the DCRD Nluc-SMO con-
struct. On the other hand, the nonsaturable increase in
fluorescence is detectable only at higher concentrations of
BODIPY-cyclopamine. More importantly, the NanoBRET
signal saturates at ligand concentrations that produce an
unreliable increase in fluorescence, especially in the case of
the DCRD Nluc-SMO. At higher BODIPY-cyclopamine con-
centrations, beyond those required to saturate the NanoBRET
signal, a linear increase of fluorescence was detectable, in-
dicating that under these experimental conditions, fluores-
cence includes a substantial component of unspecific ligand
binding (Fig. 4, A and B). This was particularly obvious when
comparing the fluorescence signal at a BODIPY-concentration
producing maximal binding in the absence and presence
of 10 mM SANT-1 for the Nluc-SMO and the DCRD Nluc-
SMO constructs (Fig. 4C). At this concentration the Nano-
BRET signal was blocked by SANT-1, whereas fluorescence
was not affected (compare Fig. 3; Fig. 4C). After having

Fig. 2. BODIPY-cyclopamine binding to SMO. (A) Chemical structure of BODIPY-cyclopamine. The BODIPY moiety is highlighted in green. The
structure was drawn using ACD/ChemSketch freeware. NanoBRET BODIPY-cyclopamine assays were performed in DSMO HEK293 cells transiently
expressing Nluc-tagged SMO [Nluc-SMO; (B and C)] or DCRD Nluc-SMO (D and E). Saturation curves are presented as hyperbolic curves with linear
(B and D) and as sigmoidal curves with logarithmic (C and E) BODIPY-cyclopamine concentrations. Graphs present raw NanoBRET values obtained
following 1 hour ligand exposure to living DSMO HEK293 cells. Data points are presented as mean 6 S.E.M. from n 5 8 to 9 individual experiments.
Curves for Nluc-SMO were fit to a three-parameter model (log scale) and one-site specific binding (linear scale). For DCRD Nluc-SMO curves were fit
according to biphasic (log scale) or two-site specific binding (linear scale).
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established the superiority of the NanoBRET-based bind-
ing assay over fluorescence-based detection of ligand
binding, we aimed to investigate if this assay is high-
throughput compatible by Z-factor analysis. As expected
from the BODIPY-cyclopamine binding parameters, the
Z-factor for Nluc-SMO with coelenterazine-h as Nluc sub-
strate was poor comparing basal BODIPY-cyclopamine
BRET in the absence and presence of 10 mM SANT-1.
However, this could be improved by changing to furimazine as
Nluc substrate. Furthermore, the Z-factor analysis with the
DCRD SMO construct provided an excellent assay window
already with coelenterazine-h (Supplemental Fig. 4).
BODIPY-cyclopamine Binding to SMO Is Surmount-

able. To explore the competitive nature of BODIPY-
cyclopamine binding to SMO in more detail, we combined
BODIPY-cyclopamine with increasing concentrations of

commercially available SMO ligands (Fig. 5A): agonists
(purmorphamine and SAG1.3), antagonist (SANT-1), and
inverse agonist (cyclopamine-KAAD), employing both the
full-length Nluc-SMO (competition with 200 nM BODIPY-
cyclopamine) as well as the DCRD Nluc-SMO (competition
with 10 nMBODIPY-cyclopamine). While cyclopamine-KAAD
and SANT-1 presented the highest affinity to Nluc-SMO, the
agonist SAG1.3 was intermediate and purmorphamine
showed the lowest affinity (Fig. 5B; Table 3). A similar rank
order was obtained in the DCRD Nluc-SMO-transfected
cells (Fig. 5C; Table 4). Interestingly, residual BODIPY-
cyclopamine binding produced NanoBRET, at competitor
concentrations sufficiently high to reach saturation, that were
substantially higher in the full-length Nluc-SMO compared
(Fig. 5B) to DCRD Nluc-SMO (Fig. 5C). At maximal competi-
tion SANT-1 reduced BODIPY-cyclopamine (200 nM) binding
to 45.2% of maximal binding, whereas it completely abolished
BODIPY-cyclopamine (10 nM) binding at the DCRD Nluc-
SMO (∼0.1% binding left). These findings indicate that, at the
tested concentrations, BODIPY-cyclopamine binding is sur-
mountable to a higher degree at the DCRD Nluc-SMO
compared with Nluc-SMO. Additionally, cyclopamine-KAAD
competition with BODIPY-cyclopamine at the full-length
receptor did not reach the plateau, indicating further dis-
placement of the fluorescent ligand, presumably at a different
binding pocket.

Fig. 3. BODIPY-cyclopamine binding kinetics. Association kinetics of BODIPY-cyclopamine to Nluc-SMO [(A) 100, 200, and 1000 nM BODIPY-
cyclopamine] or DCRD Nluc-SMO [(B) 10, 50, 100, and 1000 nM BODIPY-cyclopamine] were determined in the absence and presence of the SMO
antagonist SANT-1 (10mM) by detection of NanoBRET in livingDSMOHEK293 cells over time. NanoBRETwas sampled once perminute for 90minutes.
Data points are presented as mean 6 S.E.M. from n 5 3 to 4 individual experiments. Kinetic parameters are summarized in Tables 1 and 2 and
Supplemental Fig. 3.

TABLE 1
Kinetic parameters of BODIPY-cyclopamine binding to Nluc-SMO
Values are based on data from n 5 3 to 4 individual experiments (shown in Fig. 3A)
and shown as a best-fit value 6S.D.

Nluc-SMO

kon koff Kd

(1/M*min)*105 l/min nM

2.00 6 0.07 0.021 6 0.004 105 6 25
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Differential Competition of BODIPY-cyclopamine
Binding Allows Pharmacological Separation of Two
Binding Sites. The successful targeting of SMO with vismo-
degib in the therapy of basal cell carcinoma has also led to the
discovery of therapy-resistant pointmutations in SMO (Zhang
et al., 2018a). Here, we introduced the double mutant
D477G6.54/E522K7.38 into Nluc-SMO and DCRD Nluc-SMO
(corresponding to human D4736.54 and E5187.38 mutants) to
further dissect the contribution of different binding sites to
BODIPY-cyclopamine-SMO interaction. The mutant versions
are expressed on the cell surface upon transient transfection
inDSMOHEK293 cells (Fig. 6A). To further define the binding
characteristics of the two separate BODIPY-cyclopamine
binding sites in the 7TM core of the receptor, we made use of
a saturating concentration of SANT-1 (10 mM) and probed the
wild-type and D477G6.54/E522K7.38 of Nluc-SMO and DCRD
Nluc-SMOwith increasing concentrations ofBODIPY-cyclopamine
(Fig. 6, B and C). In line with the competition data using
a fixed BODIPY-cyclopamine concentration, we found that
SANT-1, which solely binds to the 7TM ligand binding site of
SMO (Wang et al., 2014), reduces the maximal binding of

BODIPY-cyclopamine at the Nluc-SMO by one third with
maintained affinity. At theDCRDNluc-SMO, however, SANT-
1 virtually prevents BODIPY-cyclopamine interaction with
SMO up to a concentration of 100 nM. At 100 nM and above,
BODIPY-cyclopamine reliably showed saturable, SANT-1
(10 mM)-insensitive binding in cells transfected with DCRD
Nluc-SMO. The SANT-1-insensitive fraction of BODIPY-
cyclopamine shows a reduced Bmax and a lower affinity. In the
full-length Nluc-SMO, the double mutant did not affect Bmax of
BODIPY-cyclopamine but there was a statistically significant,
ca. fourfold decrease in affinity (one-site fitBmax5 0.035, 95%CI
[0.032–0.039],P5 0.8193; pKd56.260.1;P, 0.0001). InDCRD
Nluc-SMOD477G6.54/E522K7.38, theBODIPY-cyclopaminebind-
ing followed a one-site curve, as opposed to the wild-type
receptor. Furthermore, the affinity was dramatically reduced
by ca. 125-fold (pKd 5 6.36 0.1) and the maximal binding also
decreased (one-site fit Bmax 5 0.074, 95% CI [0.071–0.077],
P , 0.0001).
In both cases, SANT-1 (10 mM), which targets the lower

binding pocket, maintains its effect on BODIPY-cyclopamine at
both the wild-type and the D477G6.54/E522K7.38 for full-length

TABLE 2
Kinetic parameters of BODIPY-cyclopamine binding to DCRD Nluc-SMO
Values are based on data from n 5 3 to 4 individual experiments (shown in Fig. 3B) and shown as a best-fit value 6S.D.

DCRD Nluc-SMO

kon koff Kd kobs fast kobs slow t1/2 fast t1/2 slow

(1/M*min)*105 1/min n/M 1/M*min 1/M*min min min

One-phase association 6.22 6 1.16 0.014 6 0.008 23 6 16
Two-phase association (1000 nM) 0.250 6 0.096 0.035 6 0.016 2.8 19.7

Fig. 4. Assessment of BODIPY-cyclopamine
by NanoBRET is superior to detection of
fluorescence. Prior to NanoBRET binding
assays with BODIPY-cyclopamine, total
fluorescence values (BODIPY) were detected.
The graphs present increase in Nano-
BRET (left axis) and BODIPY fluores-
cence (right axis; green) for Nluc-SMO
(A) and DCRD Nluc-SMO (B). NanoBRET
(DBRET) data are extracted from the
experiments shown in Fig. 1. Data points
are shown as mean 6 S.D. of each mean
value of technical replicates of n 5 8 to 9
individual experiments. Curve fitting for
fluorescence values was done using semi-
log line function in GraphPad Prism 6. (C)
BODIPY-cyclopamine fluorescence is com-
pared in the absence and presence of
10 mM SANT-1 in experiments with
Nluc-SMO or DCRD Nluc-SMO. While
SANT-1 dramatically affects NanoBRET
readings (see Fig. 3), fluorescence values
are not affected. Data present mean 6
S.E.M. from n 5 3 to 4 individual
experiments.
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andDCRDSMO. Consistently with the SANT-1 bindingmode,
the double mutant in the upper site does not affect the SANT-
1-insensitive fraction of BODIPY-cyclopamine binding in
DCRD Nluc-SMO (Fig. 6C). In addition, we provide a kinetics
analysis of BODIPY-cyclopamine association to D477G6.54/
E522K7.38DCRDNluc-SMO (Fig. 6D; Table 5). The association
of BODIPY-cyclopamine to DCRD Nluc-SMO D477G6.54/
E522K7.38 follows a one-phase association curve with a “ki-
netic” Kd 5 1403 6 701 nM, which is in fair agreement (ca.
threefold decrease) with the saturation binding data.
Molecular Docking of BODIPY-cyclopamine Sup-

ports the Two-binding Site Model. To obtain more de-
tailed insights into the BODIPY-cyclopamine binding at
the atomistic level, we set up a molecular docking study.
We selected the recent SMO structure [PDB ID: 6O3C
(Deshpande et al., 2019)] as a target for our docking, as it

manifests the two 7TM binding sites (i.e., they are occupied
with small molecular ligands; Fig. 7A). At the upper binding
pocket, BODIPY-cyclopamine occupies hook-like conforma-
tions, wherein the cyclopamine-moiety of the molecule is
buried within the 7TM core of the receptor and the BODIPY-
moiety is exposed to the solvent. The main polar interactions
at the upper pocket are with E5187.38 (note: the crystal
structure is of the human SMO) and K395 at ECL2. At the
lower binding pocket, the whole BODIPY-cyclopamine mole-
cule is bound within the 7TM core of the receptor, the main
polar interaction counterparts being with T5287.48, E5187.38,
and N219 at the N terminus. Furthermore, in silico analysis
of solvent-accessible surfaces revealed a better ligand-
accessibility of DCRD SMO compared with the wild-type
receptor (Fig. 7B) as expected from the difference in binding
parameters between full-length and DCRD SMO.

Fig. 5. Competition experiments with BODIPY-cyclopamine and SMO antagonists and agonists. (A) Chemical structures of SMO ligands used in the
competition assays. DSMO HEK293 cells expressing Nluc-SMO (B) or DCRD Nluc-SMO (C) were incubated with increasing concentrations of SMO
antagonists/inverse agonists (SANT-1, cyclopamine-KAAD) and agonists (SAG1.3, purmorphamine) and subsequently exposed to BODIPY-cyclopamine
(200 nM for Nluc-SMO; 10 nM for DCRD Nluc-SMO). Raw NanoBRET data are presented as mean 6 S.E.M. from n 5 5 to 6 individual experiments.
Pharmacological parameters are summarized in Tables 3 and 4. Curve fitting was done with a one-site competition binding model. The dotted lines
represent raw NanoBRET ratio of the donor-only condition (no BODIPY-cyclopamine added).

TABLE 3
Binding affinities of various SMO ligands in competition with BODIPY-
cyclopamine binding (200 nM) to Nluc-SMO
Data are based on n 5 5 individual experiments presented in Fig. 5B. pKi values are
presented as a best-fit value 6S.D.

Nluc-SMO

Ligand pKi 6 S.D. vs. 200 nM BODIPY-cyclopamine

SANT-1 6.9 6 0.2
Cyclopamine-KAAD 6.2 6 0.1
SAG1.3 6.0 6 0.2
Purmorphamine 4.9 6 0.3

TABLE 4
Binding affinities of various SMO ligands in competition with BODIPY-
cyclopamine binding (10 nM) to DCRD Nluc-SMO
Data are based on n 5 5 to 6 individual experiments presented in Fig. 5C. pKi values
are presented as a best-fit value 6S.D.

DCRD Nluc-SMO

Ligand pKi 6 S.D. vs. 10 nM BODIPY-cyclopamine

SANT-1 8.8 6 0.1
Cyclopamine-KAAD 8.6 6 0.2
SAG1.3 8.0 6 0.1
Purmorphamine 6.1 6 0.4
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Discussion
The development of a NanoBRET-based ligand binding

assay provides an interesting complement to GPCR pharma-
cology, enabling ligand binding studies on living cells in real
time with simplified protocols (Stoddart et al., 2015, 2018a).
Here, we optimize this assay for the Class F receptor SMO
improving sensitivity and performance of previously used
fluorescence-based approaches (Chen et al., 2002a,b; Manetti
et al., 2010; Tao et al., 2011; Gorojankina et al., 2013; Huang
et al., 2016, 2018). Due to its large assay window for specific
binding and the low influence of unspecific binding this
NanoBRET-based assay is particularly suitable for lipo-
philic ligands such as cyclopamine and potentially other
cholesterol-like molecules, which target SMO and generally
show unspecific interactions with the membrane. Further-
more, this high-throughput compatible assay should be
adaptable to any fluorescently tagged molecule acting as
SMO ligand and could, provided small molecules become
available to target Frizzleds, also be employed for other
Class F receptors.

Recent insight into the molecular mechanisms of drug
action on SMO by crystallography and CryoEM provide
somewhat controversial yet intriguing information regarding
cyclopamine and cholesterol interaction with the 7TM ligand-
binding site and the CRD (Weierstall et al., 2014; Huang et al.,
2016, 2018; Deshpande et al., 2019; Qi et al., 2019). Here, we
have been able to pharmacologically separate two BODIPY-
cyclopamine binding sites on the 7TM core of SMO. It has been
reported that total BODIPY-cyclopamine binding to full-
length SMO is composed of at least two components: ligand
binding to theCRD (Huang et al., 2016, 2018), for whichwe did
not find evidence for in our experiments, and the 7TM core
(Weierstall et al., 2014; Huang et al., 2018). Most importantly,
SANT-1, which solely binds to the receptor core in the lower
pocket of the SMO binding site (Wang et al., 2014), competes
with BODIPY-cyclopaminemore efficiently in theDCRDNluc-
SMO compared with the full length receptor. This large
increase in affinity and in NanoBRET signal (Bmax), suggests
that the CRD exerts a negative allosteric modulation on
BODIPY-cyclopamine binding to the SMO 7TM core. The
residual saturable binding of BODIPY-cyclopamine to DCRD
Nluc-SMO above 1027 M identifies a SANT-1-insensitive
fraction, suggesting an additional binding pocket for BODIPY-
cyclopamine. While BODIPY-cyclopamine binding to DCRD
Nluc-SMO clearly follows a two-site (biphasic) regression fit,
the ligand coupling to the full-length receptor follows
a typical one-site model. Therefore, we assume that this
SANT-1-insensitive binding site cannot be solely explained
by a potential non-specific BODIPY-cyclopamine association
to membranes as this second pocket would also becomemore
apparent at the full-length receptor. Moreover, non-specific

Fig. 6. CombiningBODIPY-cyclopamine
with SANT-1 allows pharmacological
dissection of two separate binding sites
in the 7TM core of SMO. (A) Surface
ELISA was used to assess cell surface
expression of wild-type and D477G6.54/
E522K7.38 double mutant of Nluc-SMO
and DCRD Nluc-SMO upon overex-
pression in DSMO HEK293 cells. Raw
data are shown from n 5 3 individual
experiments and are presented as
mean 6 SEM; *P , 0.05, **P , 0.01,
***P , 0.001 (one-way ANOVA).
BODIPY-cyclopamine binding curves
were determined in DSMO HEK293
cells expressing either Nluc-SMO (B)
or DCRD Nluc-SMO (C) either in the
absence or presence of a saturating
concentration of the SMO antagonist
SANT-1 (10 mM), which targets the
lower pocket of the 7TM ligand binding
site of SMO. Data points are presented
as mean 6 S.E.M. from n 5 3–5 in-
dividual experiments. Values for the
wild-type SMO in the absence of
SANT-1 are from Fig. 2C (Nluc-SMO)
and Fig. 2E (DCRDNluc-SMO). (D) Asso-
ciationkinetics ofBODIPY-cyclopamine
(100, 500, 1000nM) toDCRDNluc-SMO
D477G6.54/E522K7.38. Data from n 5 3
individual experiments are presented
as mean6 S.E.M. Kinetic parameters
are summarized in Table 5 and
Supplemental Fig. 3.

TABLE 5
Kinetic parameters of BODIPY-cyclopamine binding to DCRD Nluc-SMO
D477G6.54/E522K7.38

Values are based on data from n 5 3 individual experiments (shown in Fig. 6D) and
shown as a best-fit value 6S.D.

DCRD Nluc-SMO D477G6.54/E522K7.38

kon koff Kd

1/M*min*105 1/min nM

0.22 6 0.07 0.030 6 0.005 1403 6 701
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binding would most likely increase linearly. Given the
simultaneous binding of SAG21k and cholesterol to SMO
in the recent crystal structure (PDB ID: 6O3C) of active,
nanobody NbSmo8-bound SMO (Deshpande et al., 2019) and
the fact that SANT-1 and cyclopamine occupy two different
parts of the small molecule binding space in SMO (Wang
et al., 2014; Weierstall et al., 2014; Huang et al., 2018) it
could also be possible that BODIPY-cyclopamine and SANT-
1 bind the 7TM core simultaneously. It cannot be excluded
that the binding modes of BODIPY-cyclopamine and cyclop-
amine are different as it remains to be verified by structural
studies. Importantly, a recent study on ALLO-1, a small
molecule ligand targeting the lower pocket of SMO, showed
that this compound competes with BODIPY-cyclopamine
but not with [3H]cyclopamine, further supporting our two
sites hypothesis (Zhou et al., 2019). Along these lines, distinct

binding poses of cyclopamine and related sterols were
reported in several crystal structures using SMO from various
species. In summary, there is a cyclopamine/sterol binding site
in the lipid groove of the CRD (Byrne et al., 2016; Huang et al.,
2016, 2018; Deshpande et al., 2019), one in the upper pocket of
the 7TM core (Huang et al., 2018; Qi et al., 2019) and one in the
lower position (Deshpande et al., 2019), which overlaps with
the SANT-1 binding pocket (Wang et al., 2014) (Fig. 7A).
Moreover, it has been demonstrated that SAG1.3-induced full-
length SMO-mediatedGli transcriptional activity still reaches
saturation, albeit at lower efficacy following treatment with
SANT-1.This further provides functional evidence that both
the upper (SAG binding site) and the lower pocket (SANT-1
binding site) in the 7TM core of SMO can be occupied
by ligands simultaneously and that these pockets may
allosterically regulate each other (Chen et al., 2002b). Similar

Fig. 7. Separate ligand binding sites on SMO.
(A) Left panel: schematic presentation of
reported SMO ligand binding sites. The receptor
representation (transparent surface view with
protein backbone shown as ribbon) was derived
from the SMO crystal structure bound to Nano-
body NbSmo8 and SAG21k (PDB ID: 6O3C)
(Deshpande et al., 2019). The major subdomains
(CRD, linker, and 7TM core) are color-coded.
Ligands are shown as spheres and are high-
lighted in green. Reported ligand binding sites
on the CRD and in the 7TM core are encircled in
red, blue, and light blue, respectively. While
our data did not indicate BODIPY-cyclopamine
binding to the CRD site, the NanoBRET-based
binding assay supports two communicating
binding sites for BODIPY-cyclopamine in the 7TM
core of SMO.ThemutationsD477G6.54/E522K7.38 in
TM6 and TM7, which affect BODIPY-cyclopamine
binding to SMO are depicted in red. Based on
the effects of D477G6.54/E522K7.38 and SANT-1 on
BODIPY-cyclopamine binding we suggest a two-
step binding mode of BODIPY-cyclopamine in-
volving the upper and the lower 7TM site (orange
arrows). Right panel: docking of BODIPY-
cyclopamine showed that it indeed could occupy
either only the binding site of SAG (top; suggested
low-affinity binding site; blue frame) or the bind-
ing sites of both SAG and SANT-1 (bottom;
suggested high-affinity binding site; light blue
frame). The highest-scoring BODIPY-cyclopamine
poses (violet sticks) are shown (according to the
Glide DockingScore). The receptor is presented as
a white cartoon and amino acid residues suggested
to contribute to ligand binding as white sticks. The
view is corresponding to that of the left panel. (B)
Solvent-accessible surfaces (SASs) of SMO (left;
PDB ID: 6O3C) and DCRD-SMO (right; PDB ID:
6OT0) indicate that the 7TM binding site of DCRD-
SMO ismore accessible for ligand binding than that
of the SMO. The surface is colored by the solvent-
accessibility of each residue; blue5 “exposed,” over
25% of maximum SAS; green5 “buried,” less than
10% of maximumSAS; white5 residues with SAS-
values between these two. The view is from behind
the TM4 and TM5, and the opening to the binding
funnel is encircled in black. The surface correspond-
ing to amino acids 388–397 is hidden to get better
view. (A) was produced in PyMOL (The PyMOL
Molecular Graphics System, Version 2.0; Schrö-
dinger, LLC), and (B) in Biovia DiscoveryStudio
Visualizer 2017 R2 (Dassault Systèmes SE).
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conclusions were drawn from radioligand binding studies
(Frank-Kamenetsky et al., 2002; Tao et al., 2011). Further-
more, the phenomenon of allosteric regulation in the SMO
binding site was also inferred from studies on other SMO
ligands (Hoch et al., 2015; Chen et al., 2016).
Interestingly, removal of the CRD of SMO increased both

Bmax and the Kd of BODIPY-cyclopamine. The absence of the
CRD, which obviously includes removal of the proposed CRD
binding site for BODIPY-cyclopamine, most likely provides
better access to the normally buried binding site (the lower
binding pocket) in the core of the receptor causing a left shift
and an increased Bmax (Fig. 7B). Related to that, one might
also postulate an allosteric action of the CRD on the ligand-
binding sites on the 7TM core, an idea that is fueled by the
observation that DCRD SMO exerts a higher constitutive
activity (Byrne et al., 2016; Raleigh et al., 2018). A part of the
explanation for the efficacy shift of the BODIPY-cyclopamine
binding curve could also be the altered BRET parameters,
because the distance of the NanoBRET donor and the acceptor
could be shorter in the DCRD SMO compared with the full-
length receptor. However, while the different BRET efficien-
cies in the two receptor constructs would affect the amplitude
of the NanoBRET signal originating from BODIPY-
cyclopamine binding, they cannot explain the leftward shift
of the binding curves, indicating a higher affinity to the DCRD
Nluc-SMO. It should be noted that in previous publications
low concentrations of BODIPY-cyclopamine (usually 5 nM)
were used for SMO binding assays. Given our data regarding
the different affinities of the separate BODIPY-cyclopamine
binding sites, these low ligand concentrations neither allowed
sampling the SANT-1-insensitive, low affinity site (the upper
binding pocket) in the core of DCRD-Nluc SMO nor the
putative site on the CRD of the full-length receptor. Applica-
tion of the novel NanoBRET methodology, however, allows to
reliably detect even picomolar and nanomolar amounts of
BODIPY-cyclopamine bound to DCRD Nluc-SMO and DCRD
Nluc-SMO D477G6.54/E522K7.38.
In summary, we dissect BODIPY-cyclopamine interaction

with two allosterically linked binding sites on the SMO 7TM
core with different affinities. Allosteric interaction between
these pockets and BODIPY-cyclopamine binding to the lower
one (the high affinity site) can also be inferred from the
mutagenesis results reported recently (Deshpande et al.,
2019). Here, we propose that the BODIPY-cyclopamine high-
affinity site is the deep SANT-1 binding pocket (the lower
binding pocket). Since the D477G6.54/E522K7.38 in TM6 and
TM7 partially affect the high-affinity component of BODIPY-
cyclopamine binding, it could be that interaction with
D4776.54/E5227.38 provides a transition mechanism of ligand
binding to the deeper pocket (the high affinity site). Low-
affinity binding to the D477G6.54/E522K7.38 mutant in the
upper 7TM site (the low affinity site) is still possible and that
binding is insensitive to allosteric modulation by SANT-1
binding to the deeper site (the high affinity site). Interestingly,
the difference in Bmax between the wild-type and mutated
DCRD Nluc-SMO [(DCRD Nluc-SMO Bmax1 1 DCRD Nluc-
SMO Bmax2) 2 DCRD Nluc-SMO D477G6.54/E522K7.38 Bmax

∼0.039] corresponds well to the DCRD Nluc-SMO Bmax2

(∼0.033) and Nluc-SMO Bmax (∼0.034). Assuming no alter-
ations in BRET transfer efficiency between different con-
structs, it could be that binding of BODIPY-cyclopamine to the
upper pocket (the low affinity site) of a ligand-free Nluc-SMO

is virtually nondetectable. Moreover, BODIPY-cyclopamine/
SMO interactions in living cells surely depend also on the
conformational states of the receptor as well as the presence of
endogenous SMO ligand – cholesterol. These factors further
add to the complexity of this binding mechanism.
It needs to be noted that the predicted conformational space

of BODIPY-cyclopamine is large; one has to be careful when
interpreting the docking results. However, the in silico studies
indicate that the ligand can interact with E5187.38 (corre-
sponds to E5227.38 in mouse SMO) in both binding pockets. In
the upper pocket (the low-affinity site), the interaction partner
is a hydroxyl group of BODIPY-cyclopamine, which can also
interact with K in the mutated receptor. In the lower pocket
(the high-affinity site), the partner is an amide nitrogen that
cannot interact with K, however, the adjacent oxygen could. In
both cases, D→G6.54 renders the binding site more spacious.
As a consequence, different ligand poses could be obtained
compared with the wild-type SMO. Furthermore, the docking
scores are in line with our two binding site model hypotheses;
the average scores of all the high affinity and the low affinity
sites poses are 28.3 6 2.4 (17 poses) and 24.3 6 1.7 (602
poses), respectively (Supplemental Fig. 5). In addition to the
allosteric interaction between the two binding pockets,
BODIPY-cyclopamine binding, with its cyclopamine core and
the linker-BODIPY moiety occupying the lower and the upper
pockets, respectively, would also be in line with the competi-
tion binding data showing that the ligands interacting with
either pocket could, at least partially, displace this fluorescent
ligand.
For drug discovery efforts, the DCRD Nluc-SMO probe

presents a valuable tool with an advantageous assay window.
The intrinsic caveat of the lack of the physiologically relevant
CRD, however, remains, requiring thorough validation of
screening hits in assays relying on full length SMO. Further
work will address in which way the separate ligand-binding
sites interact allosterically and what role the CRD-core
contacts play for that potential communication.
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