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ABSTRACT: We unveiled an underside binding site on smoothened receptor (SMO) by a co-localization strategy using two 
structurally-complementary photoaffinity probes, derived from a known ligand Allo-1. Docking study and structural 
dissection identified key interactions within the site, including hydrogen bonding, π-π interactions, and hydrophobic 
interactions between Allo-1 and its contacting residues. Taken together, our results reveal the molecular base of Allo-1 
binding and provide a basis for the design of new-generation ligands to overcome drug resistance.

INTRODUCTION
Hedgehog (Hh) signal transduction is of vital importance 
in the regulation of embryonic development and adult 
tissue maintenance1-2. This pathway is initiated by the 
binding of the Hh protein to the receptor Patched1 (Ptch1), 
which releases the inhibition of Ptch1 to the smoothened 
receptor (SMO) and eventually induces the expression of 
target genes3. However, over-activation of the Hh pathway 
is associated with the initiation of several human tumors, 
suggesting SMO as a target of anti-tumor therapeutic 
development4-6. Pharmaceutical efforts have resulted in 
several FDA-approved drugs, including vismodegib and 
sonidegib for the treatment of basal cell carcinoma, the 
most common skin malignancy7, and glasdegib for 
treatment of acute myeloid leukemia, the most common 
type of acute leukemia in adults8. However, drug-resistant 
mutation of SMO often occurs after clinical use of these 
drugs9. For example, the D473H mutant, identified from 
tumor relapse, showed significant attenuated binding to 
vismodegib10-12. Thus far, exploring novel small-molecule 
ligands with alternative mechanisms to overcome drug 
resistance caused by SMO mutation remains challenging13. 
The tremendous progress in structural biology has resulted 
in a plethora of SMO research14. To date, several high-

resolution structures of human SMOs have been resolved, 
including 7-transmebrane domain (TMD) and 
extracellular domain (ECD), as well as multi-domain SMO 
reported recently 15. Most of these SMO structures are 
bound to small molecule ligands, including the antagonists 
(cyclopamine (CP), SANT-1, LY0940280) and agonists 
(SAG) in traditional TMD, and sterols in ECD (Figure S1)16-

21. 
In the past decades, thousands of allosteric modulators 
targeting GPCRs have been developed. However, a limited 
number of binding poses (less than 20) have been 
elucidated due to low binding affinity and incomplete 
structure-activity relationship (SAR) information. 
Structural studies have contributed substantially to 
understanding of the SMO function22, but the binding sites 
of several significant allosteric ligands remain unknown 
(Figure S2). Allo-1 is one of the most well-known allosteric 
ligands that maintain inhibitory activity against drug-
resistant mutant SMO, but few analyses of SAR have been 
carried out 10, 15. According to previous studies, Allo-1 binds 
to neither TMD nor ECD, where multiple known ligands 
bind (Table S1)23,17, 19, 24-25. Confusingly, the effective 
competition of Allo-1 with BODIPY-CP (Figure S3), a 
classic fluorescent probe derived from CP, indicated that 
Allo-1’s binding site probably overlaps the occupancy of the 
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BODIPY moiety but not of CP. However, this finding was 
not supported by our docking and simulation studies 
(Figure S4). The undergoing program of co-crystallization 
has not been successful yet to unmask cryptic binding. As 
part of our continuous efforts in structural studies and 
therapeutic development on SMO, we report the 
determination of an underside binding site for Allo-1 by 
using an integrated approach combining photoaffinity 
labeling, computational modeling and structural 
dissection study. 

RESULTS AND DISCUSSION

Figure 1. Design and characterization of the photoaffinity 
probes (1-2). (A) Definition of a new ligand binding site by 
using co-localization strategy by connecting two modified 
areas caused by two probes. (B) Structures of Allo-1 and 
derived probes with azido groups at the two ends. The potency 
of the analogs was evaluated by the Gli-luciferase reporter 
assay, and binding affinity was evaluated by fluorescence-
based competition test with Bodipy-LY. IC50 and Ki values 
represent the mean ± SEM of three independent experiments, 
each at least in duplicate. (C) SDS-PAGE analysis and 
fluorescence detection indicated the specific conjugation of 
probes with the SMO. Dually purposed probe 3 incubated with 
SMO protein was irradiated with UV light for 30 min, followed 
by “click” conjugation to tetramethylrhodamine-azide 
(TAMRA-N3).

Design and characterization of Allo-1-derived 
photoaffinity probes. To elucidate Allo-1 binding, we 
developed photoaffinity ligands26-27. Upon irradiation with 
UV light, active intermediates, such as nitrene or carbene, 
trap the target proteins through covalent alkylating of 
adjacent amino acid residues, which could be interpreted 
by proteolysis and mass spectroscopy28. Ideally, the 
binding region of the ligand could be navigated around the 
spherical area centered by the alkylated residues, which 
often involve a time-consuming trial and error procedure. 
Inevitably, nonspecific labeling often occurs, thereby 
complicating the identification. Herein, we introduced a 
co-localization strategy (Figure 1A) that rapidly and 
accurately defines the binding area by simply connecting 
the two modified areas caused by two probes. Only the 
connection that matches the size of the ligand can be a 
potential site for further docking study. To this end, two 
probes 1 and 2 were designed by installing azido groups at 
both ends of Allo-1, i.e., at the para-substituent of either 

benzene moiety (Figure 1B and Scheme S1)29. Both probes, 
together with bifunctional probe 3 bearing one more 
terminal alkyne tag, exhibited comparable antagonism in 
the luciferase reporter assay and binding affinity in the 
fluorescence-based competition test compared with the 
parent compound Allo-1; this finding indicates that the 
introduction of a small linear azide and a propagyl group 
was largely tolerated (Figure 1B). The specificity of the 
probe was further demonstrated in a two-step treatment of 
probe 3 (Figure 1C) and competition test in the presence of 
Allo-1 (Figure S5). In comparison, another photoactivable 
group diazirine was not allowed because its introduction 
to Allo-1 (probe 4, Figure S6) led to a significant loss of 
activity, due to size incompatibility29, 30-31. 

Figure 2. Mass spectrum-based determination of Allo-1 
binding site. (A) Multiple residues, labeled with probe 1 (as 
green) and probe 2 (as violet), were located in distinct regions 
of SMO (PDB code: 4N4W). The Allo-1 binding site (marked 
as grey ellipse) located underneath the TMD of SMO was 
defined by the restriction between E518 and GTG, which were 
assigned from the MS/MS analysis of probes 1 and probe 2 
modified tryptic peptide (C) and (B), respectively.

A B

C
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Allo-1 binds underneath the traditional site of TMD. 
After radiation with UV light, SMO labeled with probe 1 or 
2 was subjected to tryptic digestion. The resulting peptides 
were analyzed by LC-MS on Thermo Orbitrap Fusion 
Lumos mass spectrometer. The m/z increases of 293.12 and 
327.08 were consistent with the molecular weight added by 
probes 1 and 2, respectively, after the loss of N2. We chose 
the top 10 precursor ions in the MS1 spectra for MS2 
acquisition using high-energy collision induced 

dissociation (HCD) activation. Both probes labeled 
multiple amino acid residues located in distinct regions of 
SMO (Table S2, Figure 2A), although many of the labeled 
residues located in the cytoplasmic domains were likely 
from non-specific interactions and therefore excluded. 
Taking advantage of the dual-probe strategy, we identified 
the true binding site by measuring the distance between 
the labeled residues by 

Figure 3. Computational analysis of the underside binding site for Allo-1 (PDB code: 4N4W). (A) Docking of Allo-1 in the defined 
site of SMO. Close-up view of the Allo-1 (green carbons) binding showed two hydrogen bonds (green dashed lines) and strong π-
cage formed with adjacent residues (blue dashed lines). (B) Molecular dynamic simulation showed accurate and stable binding of 
Allo-1 (green) in SMO (blue). (C) The indicated residues showed continuous corresponding interactions with Allo-1 during 200 ns-
simulation.

both probes; as such, the distance should be comparable to 
the molecular size of Allo-1 (~ 13 Å, Figure S7). After 
calculating the distance between all the labeled residues 
from both probes, only two pairs (Glu518 with Gly527 and 
Thr528 respectively) fell within the range of Allo-1 size 
(Table S2). Glu518 was assigned from the MS/MS analysis 
of probe 1 modified peptide 511NRPSLLVEK519 Da according 
to numerous b- and y-type ions that formed after HCD 
fragmentation (Figure 2B). Gly527, Thr528, and Gly529 in a 
slightly longer distance from Glu518, were continuous 
residues from one same peptide alkylated by probe 2, 
indicating a relatively promiscuous pattern and probably 
freely swinging binding (Figure 2C). Collectively, an 
underneath binding site was assigned for Allo-1 by the 
restriction of the upper residue (Glu518) and lower region 
(Gly527 to Gly529) (Figure 2A). 
Key interactions responsible for the binding of Allo-1 
within the underside site of SMO. A docking study of 
Allo-1 was carried out on the defined binding site in SMO 
(PDB: 4N4W) (Figure 3A). High-density interactions 
within the compact site were identified, confirming Allo-1 
as a potent ligand. In this binding, two pairs of hydrogen 
bonds were formed between each of carbonyl oxygen with 
His470 and Trp281. A set of strongly stabilizing π-π 
interactions were identified between the upper benzene 

and the adjacent aromatic residues His470, Phe391, and 
Trp281, which formed a “π-cage”. Apart from other ligands, 
even SANT-1 with a deep binding , Allo-1 did not interact 
with extracellular loops, and seemed far away from Asp473 
(~3.7 Å), whose mutation to histidine will not severely 
attenuate its binding23 (Figure S8). 
To investigate the binding stability between Allo-1 and 
SMO, we performed a 200 ns molecular dynamics (MD) 
simulation (Figure 3B). Allo-1 only showed a 0.3 Å RMSD 
during the simulation, implying that the binding pose was 
accurate. Continuous interactions, including hydrogen 
bond and π-π interaction involving residues His470, 
Phe391, and Trp281, locked Allo-1 in a stable conformation 
(Figure 3C). In addition to the π-cage effect, hydrophobic 
interactions with residues located at the bottom of the 
pocket, such as Phe274, Leu325, Val329, and Val463, 
contributed to the tight binding of Allo-1. 
Structure-activity relationship (SAR) analysis of Allo-
1 analogs within the binding site. To validate the major 
interactions in the Allo-1 binding, we employed a 
dissection approach for SAR analysis (Table 1 and Scheme 
S2)32. Allo-1 was dissected into three parts, each of which 
was chemically mutated so as to weaken the assigned 
interaction, while maintaining the molecular size. 

A B

C
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After replacing the benzene ring with the cyclohexyl group, 
compounds 5 and 9 showed dramatic loss of activity in the 
luciferase reporter assay compared with Allo-1. The right 
benzene seemed even more sensitive to dearomatization, 
consistent with the loss of the π-π interactions within the 
π-cage. In parallel, the perfluorated benzene in compounds 
6 and 10 led to reduced potency. Perfluorobenzene usually 
enhances its interaction with benzene via face-to-face 
packed π-π interaction33-35. However, when packed in pure 
hydrophobic site, such as in the area composed of Val463, 
Val329, Ile408, Leu325, and Met326, the perfluoroaryl of 
compound 6 is unfavored due to electrostatic repulsion36. 
The decreased potency of compound 10 indicated the 
mismatched packing of perfluorobenzene with its 
interacting aromatic residues. We also attempted the 
transplacement of the benzenes by tuning the linker to the 
hydantoin core on the left (7-8) and right (11). The right 
benzene seemed highly conserved, and a single carbon 
extension abolished the activity; meanwhile the left 
benzene was relatively tolerable.
Table 1. SAR analysis of Allo-1 analogs.

12 13

F5

5

7

6

8

F5

Cl

9

10

11

NN

S

OMe

NN

O

H
Me H

NN

O

OMe

Cl

Compds IC50 (nM)a Compds IC50 (nM)a

Allo-1 59±9 9 8006±1994

5 383±109 10 1533±262

6 7382±2618 11 8097±1921

7 547±453 12 3791±673

8 92±38 13 4552±2245

aThe potency of the analogs was evaluated by Gli-luciferase 
reporter assay. IC50 values represent the mean ± SEM of three 
independent experiments, each conducted in duplicate.

We also investigated the hydrogen bonds between the 
carbonyls and the protein. When sulfur replaced the urea 
carbonyl oxygen in compound 12, the proposed hydrogen 
bonding with residue His470 was not enforced37-38. By 
contrast, a significant decrease was reflected in the 
moderate EC50. The gap implied that the tight binding of 
Allo-1 tolerated no enlarged atom at the carbonyl oxygen39. 
The removal of another carbonyl oxygen in compound 13 
also reduced the activity, albeit to a lesser extent, 
correlating with the disappearance of the corresponding 
hydrogen bond.
The attenuation of the potency of the Allo-1 analogs was 
also reflected in the MM-GBSA calculation and docking 
study (Figure S9, Table S3)40. As indicated, the maximum 
loss of binding free energy, and the lowest docking score 
clearly reflected the complete disappearance of the π-cage 
effect in cyclohexyl analog 9 (Figure S9E). The perfluorated 

benzene replacement (10), the transplacement of benzene 
(11), and even the sulfur replacement of urea carbonyl 
oxygen (12), significantly decreased the binding free 
energy, which originated from the twist of the hydantoin 
ring or the orientation of the right benzene that disordered 
the molecular packing. 
Allo-1 binding site might be targeted by Allo-2. Similar 
to Allo-1, Allo-2 (Figure S2) also showed allosteric 
antagonism activity of SMO23. Allo-2 noncompetitively 
antagonizes SMO induced by SAG while competing with 
Bodipy-CP (Table S1). Our docking study generated good 
docking pose with a high score at -11.4 (Figure 4A) in the 
Allo-1 binding site, similar to Allo-1 score (-11.4, Table S3). 
In this binding mode, Allo-2 superimposed well with Allo-
1. The benzene group and indazole group of Allo-2 
occupied the similar places of the two benzene groups of 
Allo-1, and the pyrimidine group of Allo-2 located in the 
middle of the pocket similar to hydantoin in Allo-1. A 
similar π-cage, formed by His470, Phe391, and Trp281, 
captured the upper benzene group of Allo-2. In addition, 
two hydrogen bonds were found, namely, between His470 
and pyrimidinyl amine in the middle, and between the 
indazole group of Allo-2 and Thr528 at the bottom of the 
molecule; these bonds significantly helped stabilize the 
overall conformation. Though highly overlapped to each 
other, Allo-2 seems to be longer than Allo-1, with the 
trifluoromethoxy group on the top, which is probably 
responsible for competition with CP, making Allo-2 
different from Allo-1. The distances between CP and Allo-1 
and Allo-2 are 3.8 Å and 1.6 Å, respectively (Figure 4B and 
4C). Considering the van der Waals radius of O (1.40 Å) and 
F (1.35 Å), Allo-2 is sufficiently close to clash with CP and 
compete for binding, while leaving Allo-1 not interrupted. 
Additionally, LY0940680 would partially overlap with 
Allo-1 (Figure S10). Allo-2 showed similar competition 
binding affinity (Ki= 30±21 nM, Figure S 11) with Allo-1 (Ki= 
33±14 nM, Table 1). Meanwhile, Probe 3 specific fluorescent 
labeling was gradually competed by Allo-2, providing the 
evidence that Allo-2 targeted in Allo-1 binding site (Figure 
S12).

  

Figure 4. Allo-2 binds to the same site as Allo-1 (PDB code: 
4N4W). (A) Close up view of Allo-2 binding showed two 
hydrogen bonds (green dashes) of pyrimidine and indazole 
with His470 and Thr528, as well as the π-cage (blue dashes) 
formed with the upper benzene. The binding of Allo-2 is closer 

A B

C
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to CP, as indicated by the distance measured for Allo-1 (B) and 
Allo-2 (C).

CONCLUSION
Here, we report the identification of an underside pocket 
of SMO hosting Allo-1 by a cross-disciplinary approach 
combining mass spectrometry, computational biology and 
medicinal chemistry. Photoaffinity labeling has been 
widely used in binding site identification, but is often 
accompanied by significant non-specific incorporation, as 
also indicated in each single labeling in this study (Figure 
2A). Specific probes are not easily accessed due to the size 
limitation of the labeling group and sometimes of the 
ligand itself. Our strategy intrinsically circumvents the 
misleading, non-specific photolabeling and facilitates 
docking using a defined orientation of the ligand. 
The structural insights of this binding site will open 
possibilities for development of new design and virtual 
screening of next-generation anti-cancer drugs against 
resistant mutants of SMO. Compared with the challenging 
co-crystallization attempts, we contributed a 
straightforward and efficient approach to the community 
of structural biologists. Our methodology should also 
facilitate the characterization of unknown binding sites of 
enormous allosteric GPCR modulators that is essential in 
the understanding of GPCR function and innovative drug 
discovery.

EXPERIMENTAL SECTION
General. All commercial reagents and solvents were 
purchased from Accela, J&K, Adamas, Bide and Sigma-
Aldrich. Reagents and solvents were used without further 
purification. High-resolution mass spectra were recorded 
on an Agilent 6230 mass spectrometer using ESI 
(electrospray ionization). Chromatography was performed 
on silica gel 200-300 mesh. NMR spectra were recorded on 
a Bruker AVANCE III 500, 600 or 800 spectrometer (FT, 
500/600/800 MHz for 1H NMR; 126/150/201 MHz for 13C 
NMR. The purity of all biologically evaluated compounds 
was determined by HPLC (Shimadzu, LC20AD) and then 
confirmed with Agilent mass spectrometer (Agilent 6230, 
TOF, LC/MS). Systems were run with 10%-90% 
acetonitrile/water gradient with 0.05% TFA. (column: 
Waters X bridge shield RP 18, 5 μm, column 4.6 × 250 mm; 
temperature = 25 °C; solvent A = H2O, 0.05% TFA; solvent 
B = MeCN, 0.05% TFA; flow rate = 1.0 mL/min; method: 
gradient: 10% B [over 3 min], then 10% B to 90% B [over 2 
min], then 90% B [over 10 min]), then 10% B [over 5 min]. 
For certain substances, optimization of the HPLC gradient 
was performed.  All final compounds showed a purity of 
>95%. All phenyl isocyanate compounds were obtained 
from commercial sources or synthesized according to the 
literature41.
Please refer to SI for detailed procedures for the synthesis 
of all intermediates and characterization of all compounds.
General procedure for synthesis of azide compounds 
(1, 2). To a solution of amino analogs of Allo-1 (S6 and S7) 

(0.48 mmol) in 0.5 mL 6 N HCl was added dropwise NaNO2 
(0.72 mmol, 50 mg) in 3 mL H2O at 0 °C. Then NaN3 (0.72 
mmol, 47 mg) in 2 mL H2O was slowly added to the 
mixture. After that, the reaction was stirred for another 40 
minutes at room temperature before being quenched with 
NaHCO3 solution and extracted with EtOAc three times. 
The organic layer was washed with brine and dried over 
Na2SO4. Finally, the reaction was concentrated and 
purified with flash column chromatography (EtOAc/PE 
1:3) on silica gel to obtain compounds 1 and 2.
(S)-3-(4-azidophenyl)-1-benzyl-5-
methylimidazolidine-2,4-dione (1) white solid. 1H NMR 
(500 MHz, Chloroform-d), δ (ppm) 7.50-7.43 (m, 2H), 7.42-
7.29 (m, 5H), 7.14-7.08 (m, 2H), 5.07 (d, J = 15.2 Hz, 1H), 4.23 
(d, J = 15.2 Hz, 1H), 3.95 (q, J = 7.0 Hz, 1H), 1.49 (d, J = 7.0 
Hz, 3H); 13C NMR (126 MHz, Chloroform-d), δ (ppm) 172.4, 
155.1, 139.8, 135.6, 129.2, 128.6, 128.40, 128.36, 127.4, 119.6, 
54.7, 44.9, 15.5. HRMS calcd for C17H15N5O2 [M+H]+: 
322.1299; found: 322.1345. HPLC: tR 11.2 min, purity >95%.
(S)-1-(4-azidobenzyl)-3-(4-chlorophenyl)-5-
methylimidazolidine-2,4-dione (2) white solid. 1H NMR 
(500 MHz, Chloroform-d), δ (ppm) 7.45-7.40 (m, 4H), 7.31 
(d, J = 8.7 Hz, 2H), 7.03 (d, J = 8.7 Hz, 2H), 4.99 (d, J = 15.3 
Hz, 1H), 4.24 (d, J = 15.3 Hz, 1H), 3.96 (q, J = 7.0 Hz, 1H), 1.48 
(d, J = 7.0 Hz, 3H); 13C NMR (126 MHz, Chloroform-d), δ 
(ppm) 172.1, 154.9, 140.3, 133.9, 132.3, 130.4, 129.9, 129.3, 127.1, 
119.8, 54.8, 44.4, 15.6; HRMS calcd for C17H14ClN5O2 [M+H]+: 
356.0909; found: 356.0906. HPLC: tR 11.6 min, purity>95%.
Synthesis of Compound 3. To a solution of S9 (0.068 
mmol, 23 mg) in 2 mL acetone was added K2CO3 (0.5 M) 
and 3-bromopropyne (0.14 mmol, 17 mg). The reaction was 
stirred at room temperature overnight. After that, the 
reaction was quenched with saturated NH4Cl solution and 
extracted with EtOAc three times. The combined organic 
layer was washed with saturated NH4Cl solution and brine, 
dried over Na2SO4. Finally, the reaction was concentrated 
and purified with flash column chromatography 
(EtOAc/PE 1:3) on silica gel to obtain compound 3.
(S)-1-(4-azidobenzyl)-5-methyl-3-(4-(prop-2-yn-1-
yloxy) phenyl)imidazolidine-2,4-dione (3) yellow solid. 
1H NMR (500 MHz, Chloroform-d), δ (ppm) 7.36-7.30 (m, 
4H), 7.06-7.03 (m, 4H), 4.99 (d, J = 15.3 Hz, 1H), 4.71 (d, J = 
2.4 Hz, 2H), 4.24 (d, J = 15.3 Hz, 1H), 3.93 (q, J = 7.0 Hz, 1H), 
2.53 (t, J = 2.4 Hz, 1H), 1.47 (d, J = 7.0 Hz, 3H). 13C NMR (126 
MHz, Chloroform-d), δ (ppm) 172.5, 157.2, 155.5, 140.3, 132.5, 
129.9, 127.5, 125.4, 119.7, 115.5, 78.3, 76.0, 56.2, 54.9, 44.5, 15.6. 
HRMS calcd for C20H17N5O3 [M+H]+: 376.1410; found: 
376.1409. HPLC: tR 10.7 min, purity >95%.
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