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Abstract

The oncoprotein Smoothened (SMO), a Frizzled-Class (Class-F) G-protein-coupled receptor
(GPCR), transduces the Hedgehog (HH) signal from the tumor suppressor Patched-1 (PTCH1) to
the glioma-associated oncogene (GLI) transcription factors, activating the signaling pathway?-2. It
has remained a mystery how PTCH1 modulates SMO, how SMO is stimulated to form a complex
with heterotrimeric G-proteins and whether G protein coupling contributes to GLI activation3.
Here, we show that 24,25-epoxycholesterol (24,25-EC), identified as an endogenous ligand of
PTCHZ1, can stimulate HH signaling in cells and trigger G protein signaling via human SMO
(hSMO)/n vitro. We further present a cryo-EM structure of 24(S),25-EC-bound hSMO coupledto a
heterotrimeric G; protein. The structure reveals a ligand binding site for 24(5),25-EC in the 7-
transmembrane region (7-TMs) and a Gj-coupled activation mechanism of hSMO. Notably, the G;
protein presents a different arrangement from that of Class-A GPCR-G; complexes. Therefore, our
work provides molecular insights into HH signal transduction and the activation of a Class-F
GPCR.

In the absence of HH, PTCHZ1 inhibits SMO2. This inhibition is thought to occur because
PTCH1 may function indirectly by regulating a small molecule to modulate SMO#,
Structural data suggest that HH binding may close a tunnel in PTCH1, allowing the putative
sterol ligand to accumulate on the membrane for SMO activation®~’. SMO then activates
GLlI, causing transcription of HH target genes that promote cell proliferation and
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differentiation®. The mechanism of how the signal transduces from PTCH1 to SMO remains
elusive. It is known that the suppressor of fused (SUFU) represses GLI transcription factor
activation, and active SMO releases this inhibition®. Previous studies showed that SMO
activates Gi-family proteins, leading to a reduction of the intracellular concentration of
cAMP10.11 sybsequently decreasing the activity of Protein Kinase A (PKA) and may either
release the repression of PKA to GLI or engage other effectors.

Like other Class-F GPCRs, SMO has a cysteine-rich domain (CRD) at the amino terminus
and 7-TMs. Previous structural studies revealed that the SMO-CRD can bind to sterol-like
ligands to modulate the activity of SMO2-14, SMO contains a ligand-binding pocket in its
7-TMs that can bind agonistic or antagonistic ligands2:1516, Class-F GPCRs play critical
roles in the HH and Wnt pathways'’” and SMO is a drug target in the treatments of
cancers!8. Therefore, structural knowledge of Class-F GPCR activation is not only important
for revealing the mechanism of HH and Whnt signal transduction, but also for developing
potential therapeutic approaches.

Our previous structures showed three endogenous sterol-like densities in the extracellular
domain | (ECD-I), Sterol-Sensing domain (SSD) and at the N-terminus of TM12 of the
PTCHZ1 protein®6 (Fig.1a). Since PTCH1 may function as a sterol transporter, we speculated
that the sterol-like density may be the agent responsible for transducing HH signal. The
mass spectrometry analysis shows that the mixture of several oxysterols includes 24,25-EC,
24-keto-cholesterol (24k-C), 25-hydroxycholesterol (25-OHC), and 24-hydroxycholesterol
(24-OHC) (Fig. 1b).

We added those oxysterols individually to SHH-light Il cells that express SMO as well as a
luciferase protein that is expressed from a GLI-dependent promoter. The results showed that
24(S5)-OHC and 24(5),25-EC were more effective at activating HH signaling than other
sterols at a concentration of 30 uM (Fig. 1¢); in contrast, a previous study indicated that
100uM cholesterol was required to trigger HH signaling3. Remarkably, a recent study
showed that 24,25-EC, the most abundant oxysterol in sea urchin embryo cilia, can activate
HH signaling®®. These findings suggest that 24(S),25-EC is one of the potential PTCH1
associated molecules that regulates SMO activity.

We further showed that 24(5),25-EC could stimulate G; activation through SMO in GTP-yS-
binding assays as effectively as a synthetic SMO agonist, SAG, while cyclopamine lowered
the GTPyS binding, acting as an inverse agonist (Fig. 1d). This observation is consistent
with a previous study that demonstrated cyclopamine can bind the 7-TMs bundle of SMO
mutants lacking the CRD (SMO-ACRD) to effectively suppress signaling?%:21. HH signaling
assay showed that the 24(S),25-EC-mediated stimulation of GLI activity was decreased by
Pertussis toxin (PTX), an inhibitor of G;, suggesting the involvement of G; in HH signaling
(Fig. 1e). Then, we assembled the SMO-G; complex with 24(5),25-EC. A biochemical
assay showed that the addition of GTP-yS caused the dissociation of nucleotide-free
complexes. Fab-G50, which binds to heterotrimeric G;22, was also added for the complex
assembly (Extended Data Fig. 1).
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The overall structure was determined at ~4 A resolution (Extended Data Fig. 2). The density
of hSMO-CRD was ambiguous, suggesting its high flexibility (Extended Data Fig. 2b and
Methods). To improve the quality of cryo-EM map, we performed a masked classification of
the complex with a subtraction of the signal from the CRD and the flexible region of Fab
(Extended Data Fig. 2c). The resulting structure was determined to 3.9 A resolution (Fig. 2a,
Extended Data Figs. 2—4 and Table 1). The Fab-G50 fragment directly stabilizes the a-
helical domain (AHD) of the Ga,; and the GB subunits (Fig. 2a), similar to the structure of
Gi-coupled rhodopsin22. Previous SMO structures indicated that the CRD binds oxysterols
and cholesterol to activate SMO12-14, The cell biological data showed that SMO-ACRD has
higher basal signaling activity than full-length SMO?%1.23 suggesting that the CRD may
stabilize SMO in a certain conformation, preventing excess signaling. These data along with
our structural analysis imply that in our complex, SMO is in an active state and the CRD
presents in a flexible conformation, allowing the recruitment of G proteins by 7-TMs.

A rod-shaped density was found in the 7-TMs (Extended Data Fig. 4c). Since 24(5),25-EC
was added throughout the purification and previously reported structures of hRSMO without
24(5),25-EC showed no density in this region1? (Extended Data Fig. 5), we speculated that
this density is 24(S),25-EC. It is consistent with studies that showed florescence-tagged
oxysterols bind in the SMO-ACRD?®. Structural analysis suggests that residue N5217-41 may
interact with the epoxy tail of 24(S),25-EC but is not involved in SAG binding (Fig. 2b and
Extended Data Fig. 6a). The HH signaling assay showed that in the presence of 24(S),25-
EC, the N521A mutant has a lower GLI-dependent HH signaling activity than the wild type;
however, in the presence of SAG, this mutant and wild type showed a similar potency in
triggering the signaling (Fig. 2c). The GTP-yS binding assay showed that 24(5),25-EC can
stimulate the binding of GTPgS to G; by binding to SMO-ACRD and this effect can be
reversed by cyclopamine (Fig. 2d), which has been shown to bind the 7-TMs of SM(Q?21.24
(Extended Data Fig. 6b). Such results suggest a binding-pocket for 24(5),25-EC in the 7-
TMs of SMO. Then, we modeled 24(5),25-EC into the density. It is also possible that the
CRD has a 24(S),25-EC binding site.

The ligand-binding pocket in the 7-TMs engages in the interaction with the antagonist
Vismodegib?2, cyclopaminel424, LY29406801°, SANT116 or the synthetic agonist
SAG1.518 (Extended Data Fig. 6a—e). Interestingly, the different ligands occupy distinct
positions in this pocket. Cyclopamine, LY2940680 and SAG1.5 are in the upper site of the
pocket; in contrast, the Vismodegib and SANT1 and the putative 24(5),25-EC are in the
lower site (Extended Data Fig. 6f).

The structure of Gj-coupled hSMO presents an active conformation with a predominant ~7A
outward movement of TM6 and a ~4A movement of TM5 at the cytoplasmic surface as
compared with the inactive hSMO (Fig. 3a). This is analogous to the structural changes upon
activation of Gjj,-coupled Class-A GPCRs revealed by cryo-EM?22:25-28 Notably, structural
comparison of Gj-coupled hSMO to inactive hSMO showed that not only the cytoplasmic
end but also the entire TM6 move outward from the helical bundle (Extended Data Fig. 7a).
Ligand binding introduces steric hindrance for residues H4708-51 and D473%-53, which move
away from the ligand, leading to the outward movement and upper shift of the extracellular
region of TM6 (Fig. 3b). This shift is linked to the larger outward movement of the

Nature. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 4

cytoplasmic portion of TM6 for G;_coupling. Movement of residues F4626-43 and \/4636-44
causes the shift of residues L4125-55 in TM5 and T5287-48 in TM7 (Fig. 3c). Their
movement may be associated with the displacement of the cytoplasmic ends of TM5 and
TMY for G; coupling.

Recently, the crystal structures of cholesterol-bound Xenogpus /laevis SMO (xXSMO) and
cyclopamine-bound xXSMO have been reported!?. It remains a mystery how xSMO presents
in an active state while binding to cyclopamine, a natural antagonistZ°.

Informative differences between the conformation of xXSMO and G;j-coupled hSMO exist.
First, the intracellular loops 2 and 3 (ICL2 and ICL3) of hSMO are clearly resolved dueto
Gij-coupling (Fig. 3d); however, in the xXSMO structure, the loops were either replaced for
crystallization or were disordered. Second, R4516-32 and W5357-%% in the Gj-coupled hSMO
still form a m-cation interaction unlike those in the xXSMO (Fig. 3e). The distance between
R4516-32 and W5357-55 in hSMO has changed from 4.5A (inactive state) to 5A (active state),
suggesting a weakened but preserved m-cation interaction after Gj-coupling. There is an
additional potential hydrogen bond between the side chain of R4516-32 and the carbonyl
group of T5347-54, Therefore, the cytoplasmic ends of TM6 and TM7 may still interact after
Gi-coupling. Residues R4516-32 and W5357-55 that are conserved in Class-F GPCRs were
proposed to serve as a molecular switch in receptor activation?. Third, ICL-1 presents a
shift in hSMO-G; compared to xXSMO; specifically, R261 changes its conformation to avoid
clashing with Ga,j (Fig. 3f). There is a tunnel through the middle of hSMO like xXSMO (Fig.
3g). Since mutations located in the bottom of the tunnel abolish HH signaling®?, it is
possible that another ligand can be transported through this tunnel to regulate SMO.

Class-A GPCRs have many conserved polar residues at the cytoplasmic region. These
residues together with ions and water molecules mediate strong polar interactions to
stabilize the 7-TMs in the inactive conformation3°. However, there are very few polar
residues in the cytoplasmic region of 7-TMs of hSMO (Extended Data Fig. 7b). Lack of
polar interaction networks in SMO that stabilize the inactive conformation may result in a
high receptor basal activity. It is tempting to speculate that such a structural feature may be
associated with this high basal activity; therefore, a complex molecular machinery including
PTCHL. is needed to negatively regulate SMO in cells. The agonist, which is still required to
trigger the G protein signaling, may introduce a more efficient allosteric coupling to the
cytoplasmic region, activating the receptor and allowing it to recruit G proteins.

The heterotrimeric G; has been modeled from the density map (Extended Data Fig. 4). The
major contact between hSMO and Ga; is created by ICLs 1-3, TM3 and TMs 5-7 of hSMO
and the aN, aN-B1 loop and a5-helix of the Ga,; (Fig. 4a). The C-terminus of the a5-helix
of Ga, inserts into the intracellular groove of hSMO (Fig. 4a). The residues in ICL3, TM5
and TM6 engage in the interactions with the a.5-helix of the Ga;. ICL2 and the C-terminus
of TM3 also cooperate with the a5-helix in addition to touching the C-terminal residues of
aN of Ga;. Moreover, R257 in ICL1 has a hydrophilic interaction with D312 of Gp,
stabilizing the complex (Fig. 4b).
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After binding hSMO, the a5-helix of Gaj undergoes a conformational change with a
translation of more than 5A and a ~90° rotation (Fig. 4c). The movement of the a5-helix
induces a shift of the B6—a5 loop of more than 5A triggering the dissociation of GDP (Fig.
4d). Furthermore, the AHD moves away from the Ras-like domain to bind the G subunit
and Fab-G50 as in the structure of rhodopsin-G; (Fig. 4€). The similarities between G;
coupling to SMO with Class-A GPCRs reveal that the mechanism of G; activation by SMO
is shared with Class-A GPCRs22:25-27(Extended Data Fig. 8). Superposing the structure of
hSMO with Gj-coupled HOR shows a different orientation of the G; protein relative to the
receptor (Fig. 5a). Superposing the receptors from hSMO-G; and the other four G;-coupled
complexes reveals that the ICL2 and ICL3 of hSMO face inward towards the a.5-helix of
Gaj (Fig. 5b). Consistently, the a5-helix is the major contact site with the receptor.
Interestingly, it is parallel to the 7-TMs of hSMO (Fig. 2a) with a ~4-5A tilt compared to
that of the Gj-coupled Class-A GPCRs (Fig. 5¢).

Comparison with the pHOR-G; complex reveals that the different arrangements of the a.5-
helix of Ga with respect to the receptors cause the Gaj-aN to rotate by 30° (Fig. 5d) and
the GB and Gy of hSMO-G; complex to move 20A away from the receptor (Fig. 5d).
Comparison with the G; protein in the rhodopsin-G; complex shows that the Gaj-aN is
rotated by about 10° and the shift of a5-helix of Ga, introduced a 20A movement of Ga.;.
AHD (Fig. 5e). As a result, the outward displacement of TM6 is less prominent compared
with the TM6 of Class-A GPCRs for G; coupling (Fig. 5b). Such pronounced structural
differences attest to a high degree the versatility of G; for coupling to receptors. Indeed, it
has been suggested that more GPCRs couple to Gj/, proteins than to other G protein
families?®. Recently, the structure of hFZD4, another Class-F GPCR, was reported3!. The
apo hFZD4 shares a similar conformation as the inactive hSMO (Extended Data Fig. 9). It
requires further investigations on whether FZDs couple to G-proteins in the same way as
SMO.

Other studies indicated that other oxysterols and/or cholesterol can also stimulate HH signal
through SMO1319.21.32 gpecifically, they showed that the inhibition of oxysterol or
cholesterol synthase can block HH signal in cells and the signaling can be rescued by the
addition of different oxysterols!®:32, It is possible that either cholesterol or oxysterols can be
associated with SMO as endogenous ligands to regulate the signal. Here, we used 24(S),25-
EC as a prototype to reveal how oxysterol can stimulate HH signaling and trigger SMO
activation for G protein signaling. Our structure reveals a novel pattern of GPCR-G;
coupling (Fig. 5). Besides G; protein, p-arrestins also have been shown to regulate SMO
localization and signaling33. Structures of B-arrestin~SMO complexes may be a future
research focus.

Identification of oxysterols from PTCH1

Human Patched-1 with the C-terminal domain and internal loop truncation (PTCH1*) was
expressed and purified as described before®. The Flag-tagged protein was purified in
digitonin using gel filtration. To avoid exogenous contamination, we did not introduce any
lipids or sterol derivatives during the purification. The small, nonpolar molecules were
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extracted using a liquid-liquid extraction of dichloromethane, methanol, and aqueous buffer
(20 mM Hepes pH7.5, 150 mM NacCl and 0.06% digitonin) in 1:1:1 ratio. The mixture was
vortexed, centrifuged and the organic phase removed to a fresh tube. This extraction was
repeated by adding an additional volume of dichloromethane to the aqueous fraction,
vortexing, centrifuging, and pooling the organic extract with the first. The lipid extract was
dried under N, gas with gentle heat (~45°C) to evaporate the organic solvent. Dried samples
were dissolved in 90% methanol and subject to LCMS as described34. Results are shown as
mean + s.d. from 3 biologically independent experiments.

Protein expression and purification

Human Smoothened (hSMO) with a C-terminal truncation (A556-787) was cloned into pEG
BacMam with a C-terminal Flag tag. The protein was expressed using baculovirus-mediated
transduction of mammalian HEK-293S GnTI™ cells (ATCC). 1L of cell culture was pelleted
by centrifugation and resuspended in 20 ml buffer containing 20 mM HEPES pH 7.5, 150
mM NacCl, 0.2 pg/ml leupeptin, 150 pg/ml benzamidine and 1pM 24(S),25-EC (Abcam).
After 30 min incubation at 25 °C, 20 ml 2X solubilization buffer containing 20 mM HEPES
pH 7.5, 150 mM NacCl, 1% dodecyl-maltoside (DDM), 0.2% cholesterol hemisuccinate
(CHS), 20% glycerol, 0.2 ug/ml leupeptin, 150 pg/ml benzamidine, 1uM 24(S5),25-EC and 5
U Salt Active Nuclease (Sigma) was added. Cell membranes were disrupted by repeated
Dounce homogenization and solubilized for 1 hour at 4 °C. The supernatant was collected
by centrifugation at 25,000 g for 30 min at 4 °C, and then incubated with anti-Flag M2
antibody resin for 1 hour at 4°C. After washing three times in batch with buffer containing
20 mM HEPES pH 7.5, 150 mM NaCl, 0.1% DDM, 0.02% CHS, 0.2 pug/ml leupeptin, 150
ug/ml benzamidine, and 1uM 24(S),25-EC, the resin was transferred to a gravity column.
After extensive washing, the receptor was eluted from M2 resin using the buffer containing
20 mM HEPES pH 7.5, 100 mM NaCl, 0.1% DDM, 0.02% CHS, 200ug/ml Flag peptide
(GL Biochem) and 1uM 24(S),25-EC.

Constructs, expression and purification of G; heterotrimer

G protein expression and purification was performed based on a published method3®. In
general, the wild type Ga;l and a dominant-negative human Ga;1 mutant (S47N, G204A,
E246A and A327S) were cloned into a pFastbac vector without any tag, and the virus was
prepared using the Bac-to-Bac system (Invitrogen). N-terminal 6xHis-tagged human Gp1,
and human G2 were cloned into pVL1392 vector, and the virus was prepared using the
BestBac system (Expression Systems, LLC). The heterotrimeirc G; complex was expressed
in Sf9 insect cells (Invitrogen). The cells at a cell density of 4 x 108 per ml were infected
with both Gaj and GBy virus at a ratio of 10:1 per liter at 27 °C for 48 hours before
harvesting. Cells were harvested by centrifugation and lysed in lysis buffer (10 mM Tris, pH
7.5, 100 uM MgCl,, 5 mM B-mercaptoethanol (B-ME), 10 uM GDP, 0.2 pg/ml leupeptin and
150 pg/ml benzamidine). The cell membrane was collected by centrifugation at 25,000 g for
30 min at 4 °C. Cell membranes were disrupted by repeated Dounce homogenization and
solubilized in solubilization buffer (20mM HEPES pH 7.5, 100 mM NacCl, 1% sodium
cholate, 0.05% DDM, 5 mM MgCl,, 2 uL CIP, 5mM B-ME, 10 uM GDP, 10% glycerol, 0.2
ug/ml leupeptin and 150 pg/ml benzamidine). The supernatant was separated by
centrifugation at 25,000 g for 30 min, and incubated with Ni-NTA agarose resin (Clontech)
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in batch for 1 hour at 4 °C. The resin was then washed in batch with solubilization buffer
and transferred to a gravity column. The buffer was exchanged on column from
solubilization buffer to wash buffer comprised of 20 mM HEPES pH 7.5, 50 mM NacCl,
0.1% DDM, 1 mM MgCl,, 5 mM B-ME, 10 uM GDP, 0.2 ug/ml leupeptin and 150 pg/ml
benzamidine. The protein was eluted in wash buffer with 250 mM Imidazole, and treated
with Lambda Phosphatase (New England BioLabs) and Alkaline Phosphatase (New England
BioLabs) overnight at 4 °C. The protein was further purified with anion exchange
chromatography. The low salt buffer is comprised of 20 mM HEPES pH 7.5, 40 mM NacCl,
0.1% DDM, 1 mM MgCl,, 100 uM TCEP, 10 uM GDP. The high salt buffer was prepared as
low salt buffer but with 1M NaCl. The pure protein was supplemented with 10% glycerol,
concentrated to ~20mg/ml, flash-frozen in liquid nitrogen, and stored at —80 °C.

Assembly of hSMO-G;-Fab complex

Purified hSMO was mixed with the dominant-negative G; heterotrimer at a 1:1.3 molar ratio.
This mixture was incubated at 25°C for 1 hour followed by addition of apyrase to catalyze
the hydrolysis of unbound GDP to stabilize the nucleotide-free complex overnight at 4°C. To
remove excess Gj protein, the mixture was purified by anti-Flag M2 antibody affinity
chromatography. Detergent was exchanged from 0.1% DDM to 0.01% lauryl maltose
neopentyl glycol (MNG) on the M2 resin. The complex was eluted using the buffer
comprised of 20 mM HEPES pH 7.5, 100 mM NacCl, 0.01% MNG, 0.001% CHS, 1uM
24(5),25-EC, 200 pg/ml Flag peptide. Finally, a 1.3 molar excess of Fab-G50 prepared as
previously reported?2 was added to the elution. The h\SMO-Gj—Fab complex was purified
and buffer-exchanged by size exclusion chromatography with buffer containing 20 mM
HEPES pH 7.5, 100 mM NaCl, 0.002% MNG, 0.001% CHS, 0.001% GDN, 0.002%
digitonin and 1uM 24(5),25-EC. Peak fractions were concentrated to ~ 5-10 mg/ml for
electron microscopy studies.

EM Sample Preparation and Imaging

The freshly purified hSMO-G;—Fab complex was added to Quantifoil R1.2/1.3 400 mesh Au
holey carbon grids (Quantifoil), blotted using a Vitrobot Mark 1V (FEI), and frozen in liquid
ethane. The grids were imaged in a 300 keV Titan Krios (FEI) with a Gatan K2 Summit
direct electron detector (Gatan). Data were collected in super-resolution mode at a pixel size
of 0.535 A with a dose rate of 2 electrons per pixel per second. Images were recorded for 10
s exposures in 50 subframes to give a total dose of 70 electrons per AZ,

Imaging Processing and 3D reconstruction

Dark subtracted images were normalized by gain reference and binned 2 fold that resulted in
the original pixel size of 1.07 A. Drift correction was performed using the program
MotionCor236, The contrast transfer function (CTF) was estimated using CTFFIND437. To
generate hSMO-G;—Fab complex templates for automatic picking, around 2000 particles
were manually picked and classified by 2D classification in RELIONS38. After auto-picking
in RELION, the low-quality images and false-positive particles were removed manually.
About 469k particles were extracted for subsequent 2D and 3D classification.

Nature. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 8

We used the cryo-EM structure of Go—5-HT1gR complex (EMD-4358) at low-passfiltered to
60 A as the initial model for 3D classification in RELION. The model of best class after 3D
classification was used as the initial model for the final 3D classificationand 3D auto-
refinement in RELION. To identify the position of the CRD in the cryo-EM map, we
classified the particles using a CRD mask, refined the structure with a CRDmask or
performed multibody refinement; however, the map of CRD remained very weak. Therefore,
we conclude that the CRD of SMO adopts a flexible conformation in the active state.

The final refinement was performed in FREALIGN3? using this best class as the initial
model. The global search was performed once without mask followed by another global
search using the mask, which was generated using “relion_mask_create” excluding the
micelle. The full map is estimated to be 4 A using the 0.143 cutoff criteria. For the truncated
map, about 330Kk particles selected from 2D classification were subtracted by RELION to
remove the signal of the CRD and half of the Fab (the dash circles in Extended Data Fig.
2b). 3D classification, 3D auto-refinement and unmasked refinement in FREALIGN were
performed as the full map. 141,100 particles were selected for 3D auto-refinement and
FREALIGN refinement. A CRD and half of the Fab truncated mask with 6 A extensions was
used for the masked refinement in FREALIGN, with a BSC value of 10 to further exclude
the bad particles. The final subtracted map without the CRD and half of the Fab is estimated
to be 3.84 A using the 0.143 cutoff criteria.

Model Construction

The subtracted map was used for the model building and refinement. To obtain better side-
chain densities for model building, we sharpened the map using BFACTOR.EXE (author:
Nikolaus Grigorieff) with a resolution limit of 3.9 A and a B-factor value of —100 A2, The
structure of human SMO (PDB: 5L7D) with the CRD deletion and the structure of
Gal1ply2 and Fab-G50 from the rhodopsin—-G;—Fab complex (PDB: 6CMO) were docked
to the map as the initial model. The structure model was manually built by COOT40, The
residues 1-189 (CRD) and 554-787 (C-terminus) of hSMO were not built. Half of the Fab-
G50 (5-108 of the light chain and 5-130 of the heavy chain) was built.

Model Refinement and Validation

The model was refined in real space using PHENIX#! and also in reciprocal space using
Refmac with secondary-structure restraints and stereochemical restraints#2:43, Structure
factors were calculated from a half-map (working) using the program SFall#4. Fourier shell
correlations (FSCs) were calculated between the two half maps, the model against the
working map, the other (free) half map, and full (sum) map#°. Local resolutions were
estimated using Blocres#6. MolProbity4” was used to validate the geometries of the model.
Structure figures were generated using PyMOL (http://www.pymol.org) and Chimera?8.

35S-GTPyS Binding Assay

The membrane of HEK293 cells overexpressing hSMO (~200 pg/ml) or hNSMO-ACRD (with
the residues 1-189 deleted) with a C-terminal flag tag was incubated with 200 nM purified
G;j protein for 30 minutes on ice in buffer containing 20 mM HEPES pH 7.5, 100 mM NacCl,
5mM MgCly, 3 pg/ml BSA, 0.1uM TCEP, and 5uM GDP to get the receptor and G;j
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complex. Next, 25 pL aliquots of the pre-formed complex were mixed with 225 L reaction
buffer containing 20 mM HEPES, pH 7.5, 100 mM NaCl, 5mM MgCls, 3 ug/ml BSA,
0.1uM TCEP, 1uM GDP, 35 pM 35S-GTP+yS (Perkin Elmer) and ligands. For Fig. 1d, 50 uM
of cyclopamine (Cayman Chemical), SAG (Tocris Bioscience) or 24(S),25-EC were used.
For the competition assays in Fig. 2d, 10 uM cyclopamine, 10 uM 24(S5),25-EC and 10 uM
24(S),25-EC plus 100 pM cyclopamine were used. After additional 10 min incubation at

25 °C, the reaction was terminated by adding 4 ml of cold wash buffer containing 20 mM
HEPES pH 7.5, 100 mM NaCl and 5mM MgCls, and filtering through glass giber prefilters
(Millipore Sigma). After washing three times with 4 ml cold wash buffer, the filters were
incubated with 5 ml of CytoScint liquid scintillation cocktail (MP Biomedicals) and counted
on a Beckman LS6500 scintillation counter to determine the binding of 3°S-GTPyS to G;
induced by hSMO activation. The data analysis was performed using GraphPad Prism 7
(GraphPad Software). Results are shown as mean = s.d. from 3 biologically independent
experiments.

HH Reporter Assays

The SHH-N conditioned medium was obtained as described before>6. All the sterols were
solubilized in 10-fold (molar ratio) methylated p-cyclodextrin (MCD, from Trappsol). SHH
Light Il cells, a stable cell line expressing firefly luciferase with an 8XGli promoter and
Renilla luciferase with a constitutive promoter, were used to measure HH pathway activity.
SHH Light 11 cells were treated with the conditioned medium, sterols and pertussis toxin
(PTX, from Invitrogen) for 30 hours before measuring. To detect the activity of SMO
variants in HH signaling, the 8X-Gli-Firefly luciferase reporter transgene, a constitutive
Renilla luciferase transgene, and a pcDNA3.1 vector encoding wild-type hSMO or N521A
mutant were transfected to Smo~ MEFs using TransIT reagent (Mirus Bio LLC). After 24
hours, cells were serum-starved in DMEM with 0.5% FBS. 24 hours later, cells were treated
with 30 pM 24(5),25-EC or 100 nM SAG for another 24 hours. Firefly and Renilla
luciferase activity were measured using the Dual-Luciferase® Reporter Assay System
(Promega). The data analysis was performed using GraphPad Prism 7 (GraphPad Software).
Results are shown as mean + s.d. from 3 biologically independent experiments.

Data and Materials Availability: The data that support the findings of this study are
available from the corresponding author upon request. The 3D cryo-EM density map has
been deposited in the Electron Microscopy Data Bank under the accession number
EMD-20190. Atomic coordinates for the atomic model have been deposited in the Protein
Data Bank under the accession number 60TO.

Extended Data
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Extended Data Fig. 1. Assembly of hSMO-Gj—Fab complex
a, GTPyS causes the dissociation of 24(S),25-EC mediated hSMO-G; complex. b, Size-

exclusion chromatogram and SDS-PAGE gel of the purified hSMO-G;—Fab complex.
Molecular standards are indicated on left side of the gel.
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Extended Data Fig. 2. Data processing.
a, A representative electron micrograph at —2.0 um defocus. b, The data processing work-

flow for the complex with the full map. The cryo-EM 2D classification from RELION is
shown. The subtracted parts were indicated by dash circles. ¢, The data processing work-
flow for the complex with the subtracted map. Class 3 of the full map and Class 4 of the
subtracted map were used for the final refinement; Class 4 of the full map and Class 1 of the
subtracted map failed to have sufficient structural features in the final refinement. Masks
used for the refinement are shown. The cryo-EM map after Frealign refinement sharpened
using BFACTOR.EXE (author: Nikolaus Grigorieff) with a resolution limit of 4 A or 3.9 A
and a B-factor value of —100 A2. Each subunit is colored.
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Extended Data Fig. 3. The model quality assessment.
a, Fourier shell correlation (FSC) curve of the structure without the CRD and half Fab with

FSC as a function of resolution using Frealign output. b, The FSC curves calculated between
the refined structure and the half map used for refinement (blue), the other half map (red)
and the full map (black). ¢, Density maps of structure colored by local resolution estimation
using Blocres.
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Extended Data Fig. 4. cryo-EM map of structural elements in the complex.
a, The major helices of hNSMO. b, The major structural elements of G; protein. EM density

map and model of the complex are shown in mesh and cartoon. c, the putative ligand.
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Extended Data Fig. 5. Comparison of the maps in the ligand-binding pocket of hSMO.
a, The extra density within the TMD ligand-binding pocket in the hSMO crystal structure

(PDB: 5L7D). The density is shown in green at 3o level and indicated by arrow. b, The
density of the ligand in the Gi—-hSMO complex. The density is shown in purple mesh at 5o
level at 3.9A and indicated by arrow.
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Extended Data Fig. 6. Comparison of the binding sites of different SMO ligands.
a, SAGL.5 bound hSMO (PDB:4QIN). b, Cyclopamine bound hSMO (PDB: 409R). c,

Vismodegib bound hSMO (PDB: 5L71). d, SANT1 bound hSMO (PDB:4N4W). e,

LY 2940680 bound hSMO (PDB:4JKV). Structures of hSMO with different ligands viewed
from the side of the membrane. f, Superimposition of the ligands that bind the pocket in the
transmembrane domain of hSMO.
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Extended Data Fig. 7. Comparisons of the TM6s and cytosolic sites of hSMO and pOR.
a, Structural comparison of TM6s of h\SMO, HOR and GLP-1R in the inactive and G

protein-bound states. Left: hSMO, inactive SMO in pink (PDB: 5L7D); Middle: uOR,
inactive HOR in light orange (PDB: 4DKL), Gj-HOR in light cyan (PDB: 6DDE); Right:
GLP-1R, inactive GLP-1R in red (PDB: 5VEW), Gs-GLP-1R (PDB: 6B3J) in dark blue. b,
Electrostatic surface representations of the cytosolic side of SMO and pOR complex with

Gaj-ab.
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Extended Data Fig. 8. The structures of Gj-bound Class-A GPCRs.
a, Rhodopsin-G; complex (PDB: 6CMO). b, A1R-G; complex (PDB: 6D9H). ¢, HOR-G;
complex (PDB: 6DDE). d, CB1-G; complex (PDB: 6N4B).
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Extended Data Fig. 9. Comparison of the G; coupled hSMO, inactive hSMO and apo hFZDA4.
The Gj coupled hSMO is in blue, the inactive hSMO is in pink (PDB: 5L7D) and apo

hFZD4 is in yellow (PDB: 6BD4). Structures are viewed from the side of the membrane.

Extended Data Table 1

Cryo-EM data collection, refinement and validation statistics

hSMO-G—Fab complex (EMDB-20190) (PDB 60TO)

Data collection and processing

Magnification 46,729
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Fig. 1. Functional characterization of PTCHZ1-associated oxysterols in HH signaling.
a, The sterol-like densities in the SHH-N mediated PTCH1 dimer. Sterol-like densities at 5s

level at 3.5 A resolution in the domains of ECD-I, SSDs and near TM-12 are colored in
green, red and purple, respectively. b, HPLC-MS quantitation of oxysterols extracted from
purified PTCH1 protein. Data are mean £ s.d. (n = 3 biologically independent experiments).
Oxysterol structures are shown. ¢, Oxysterol-mediated HH signaling. The SHH-light 11 cells
were treated with vehicle (0.3 mM MCD), MCD complexed with 30uM sterol or SHH-N
conditioned media. d, GTPyS binding assay. Basal represents the hSMO basal activity
without ligand. All ligands were used at a saturating concentration of 50 uM. e, PTX
decreases the 24(S),25-EC mediated HH signaling. HH activity was measured by dual-
luciferase assay. Each assay in c-e was repeated at least three times with similar results and
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data are mean + s.d. (n = 3 biologically independent experiments). * < 0.05, **P< 0.01,
two-sided t-test using GraphPad Prism 7.
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Fig. 2. Structure of h\SMO-Gj—Fab complex.
a, Ribbon representation of the complex structure. Primary structure of hSMO is on the top.

Residues 556-787 of hSMO were removed for protein expression and the CRD domain
(gray) was not determined in the cryo-EM map. hSMO, Ga,, GB, Gy and Fab-G50 are
colored in blue, green, magenta, dark teal and orange; the putative 24(S),25-EC is shown as
yellow sticks. b, The ligand-binding pocket. The putative ligand and its bound residue are
shown as sticks. ¢, HH signaling in Smo™~ MEFs transfected with pcDNA3.1, full-length
hSMO-wild type (WT) or full-length hSMO-N521A mutant and response to SAG or 24(S),
25-EC via luciferase activity. d, The GTP-yS binding competition assay using cells
overexpressing hSMO-ACRD. The assays were set up as Fig. 1d with various ligand
concentrations. Each assay in c-d was repeated at least three times with similar results and
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data are mean + s.d. (n = 3 biologically independent experiments). * < 0.05, **P< 0.01,
***P< (0.001, two-sided t-test using GraphPad Prism 7.
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Fig. 3. Structural comparison of the Gj-bound hSMO with inactive hSMO and cyclopamine
bound xSMO.

a, Superimposition of TMs of hSMO molecules. Gj-coupled hSMO is colored in blue,
inactive hNSMO (PDB: 5L7D) is colored in pink. The movements of structural elements are
indicated. b, Movement of TM6 in the G;-coupled hSMO due to ligand binding. c,
Movements of TMs 5-7 in the Gj-coupled hSMO compared with the inactive hSMO. The
related residues are shown as sticks. d, Superimposition of 7-TMs of hSMO (blue) and
XSMO (PDB: 6D32, gray). e, Comparison of R451 and W535 in Gj-coupled hSMO with the
corresponding residues in xXSMO. f, Comparison of the ICL1 of hSMO and xSMO. R261
and its corresponding residue in XSMO are shown. g, The putative tunnel in hSMO is shown
as red mesh.
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Fig. 4. Conformational changes in G; upon coupling to hSMO.
a, The interaction details between hSMO (blue) and Ga; (green). The structural elements

involved in the interaction are indicated. b, R257 in hSMO-ICL1 binds D312 of Gp. Both
residues are labeled and shown. ¢ and d, Comparison of GDP-bound Ga; (PDB: 1GP2,
gray) and nucleotide-free Ga,j (green) from hSMO-G; complex. GDP is shown as yellow
sticks. e, Structural rearrangement of Gaj-AHD domain after coupling to hSMO.
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Fig. 5. Distinct orientations of heterotrimeric Gj proteins after coupling to hSMO and Class-A
GPCRs.

a, Structural comparison of hNSMO-G; complex with HOR-G; complex (PDB: 6DDE, light
cyan). The Gaj-a5 and Gai-aN are indicated. h\SMO, Ga, Gp and Gy in hSMO-G;
complex are colored as Fig. 2a. b, The comparison of the ICL2 and ICL3 among the five
GPCR-G; complexes. The structural elements from Rhodopsin-G; (PDB: 6CMO) are in
orange; from A1R-G; (PDB: 6D9H) are in pink, from pOR-G; are in light cyan and from
CB1-G; (PDB: 6N4B) are in cyan. ¢, The comparison of the Gaj-a5 among the five GPCR-
Gj complexes. d, The structural comparison of G; proteins after coupling pOR and hSMO. e,
The structural comparison of G; proteins after coupling rhodopsin and hSMO. The major
differences of G;j protein orientations are indicated.
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