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Abstract

The Hedgehog (Hh) signaling pathway is critical for embryonic development and tissue renewal. The G protein-
coupled receptor (GPCR)-like protein Smoothened (SMO) is the central signal transducer in the Hh pathway.
Cholesterol binds and then covalently links to the D95 residue of cysteine-rich domain (CRD) of human SMO. The
cholesterylation of CRD is critical for SMO activation. SMO cholesterylation is a Ca?*-boosted autoreaction that
requires the formation of an ester bond between the side chains of D95 and Y130 as an intermediate. It is unknown
whether other residues of SMO are involved in the esterification between D95 and cholesterol. In this study, we find
that the SMO-CRD(27-192) can undergo cholesterylation. In addition to D95 and Y130, the residues critical for
cholesterol modification include Y85, T88, T90, W109, W119, K133, E160 and F166. T88, W109, W119 and F166 also
seem to be involved in protein folding. Notably, we find that Y85 and K133 form a cation-n interaction whose
disruption abolishes cholesterylation and ciliary localization of SMO. This study highlights the mechanism and

function of cholesterol modification of SMO.
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Introduction

The Hedgehog (Hh) signaling pathway controls embryonic devel-
opment and tissue homeostasis [1-3]. Aberrant activation of Hh
signaling causes multiple types of cancers including basal cell car-
cinoma and medulloblastoma [4]. The Hh signaling pathway has
three major players: the ligand Hh, the receptor Patched-1 (PTCH1),
and the G protein-coupled receptor (GPCR)-like protein Smooth-
ened (SMO) [5-7]. Hh directly binds to PTCH1 and derepresses
SMO [8]. SMO then translocates to primary cilium and finally acti-
vates the transcription factors GLIs, eventually stimulating the ex-
pression of many target genes [7,9-11].

Cholesterol plays an essential role in the regulation of SMO. The
human SMO protein is composed of a signal peptide (1-26 aa), an
extracellular/luminal cysteine-rich domain (CRD) (27-192 aa) and
a seven-transmembrane (7TM) domain. The R451 residue in TM6
forms a cation-n interaction with the W535 residue in TM7, thereby
locking SMO in an inactive state. This cation-n interaction, how-
ever, is broken upon SMO activation. The W535L mutation con-
stitutively activates SMO and causes sporadic basal cell carcinoma

[12]. Cholesterol can trigger SMO activation by binding to the CRD
or 7TM domain [13-20].

We previously showed that SMO is covalently modified by
cholesterol through an ester linkage between the 3-beta hydroxyl
group of cholesterol and the side chain of D95 in human SMO (D99
in mouse SMO) [7,21]. We later demonstrated that cholesterol
binding to the CRD is not sufficient to trigger SMO activation be-
cause the SMO(D95E) mutant, which can bind to but fail to be
covalently modified by cholesterol, is inactive and associated with
severe developmental defects [22]. Mechanistically, the choles-
terylation of SMO-CRD is a Ca?*-boosted autoreaction that
requires an intramolecular ester bond formed between the
side chains of D95 and Y130, which serves as a high-energy
intermediate [22].

To understand the biochemical mechanism of SMO cholester-
ylation, we systematically mutated 66 residues in CRD that contain
the functional groups in their side chains. We found that the cation-
7 interaction between the Y85 and K133 residues is essential for
SMO cholesterylation and function.

© The Author(s) 2022. This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
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Materials and Methods

Reagents

The mouse mAb anti-SMO clone E5 (sc-166685) was from Santa
Cruz (Santa Cruz, USA). The mouse mAb anti-FLAG (clone M2,
F3165) was from Sigma (St Louis, USA). The rabbit pAb anti-
ARL13B (17711-1-AP) was from proteintech (Rosemont, USA). The
Alexa Fluor 488 goat anti-mouse secondary antibody (A11001) and
Alexa Fluor 555 donkey anti-rabbit secondary antibody (A31572)
were from Thermo Scientific (Waltham, USA). The donkey anti-
mouse HRP-conjugated secondary antibody (715-035-150) was
from Jackson ImmunoResearch (West Grove, USA). CuSO,
(C8027), Vc (A7631) and TBTA (678937) were from Sigma. Cho-
lesterol probe (CP) and biotin alkyne were synthesized by Shanghai
Bio Bond Pharmaceutical Co., Ltd (Shanghai, China) [21].

Cell culture

HEK293T and NIH3T3 cells (ATCC, Manassas, USA) were cultured
in DMEM containing 10% FBS (ExCell, Shanghai, China), 100 units/
mL penicillin, and 100 pg/mL streptomycin sulfate at 37°C in 5%
CO,.

Plasmids

The open reading frame of human SMO cDNA was amplified from
HEK293T cell, and pCMV-SMO-WT was constructed by inserting
cDNA into pcDNA3. pCMV-SMO(1-259)-FLAG, pCMV-SMO(1-
233)-FLAG and pCMV-SMO(1-192)-FLAG were generated by PCR,
followed by insertion of a 3 x Flag sequence after the truncation of
SMO. All mutants of SMO plasmids were constructed by the quick-
change method [23,24].

Click chemistry

The experiments were performed as previously described [25].
Samples were mixed with 100 utM biotin alkyne, 1 mM CuSO,,
2.5mM Vc, 1 mM TBTA in sequence and incubated at 27°C, 1000
rpm for 1.5 h. After the click chemistry reaction, 30 pL streptavidin
agarose beads were added and incubated at 4°C for 6 h to pulldown
the SMO-CP-biotin. The resulting pellet beads were washed with
RIPA buffer and boiled at 95°C for 10 min then mixed with mem-
brane solubilization buffer for SDS-PAGE [26,27].

Immunoblotting assay

Cells were harvested by centrifugation at 1000 g for 5 min, then
washed with PBS to remove the redundant medium, followed by
homogenization in the RIPA buffer (50 mM Tris-HCI, 150 mM NacCl,
0.1% SDS, 1.5% NP40 and 0.5% deoxycholate, pH 8.0), which
contained protease inhibitors (1 mM PMSF, 5 ug/ml pepstatin A,
10 ng/ml leupeptin, 25 pg/ml acetylleucyl-leucyl-norleucine and
10 M MG132) [28]. Input samples were added in turn to the
membrane solubilization buffer (62.5 mM Tris-HCI, 15% SDS, 8 M
urea, 10% glycerol, and 100 mM DTT, pH 6.8) and the loading
buffer (150 mM Tris-HCl, 12% SDS, 30% glycerol, 6% 2-mercap-
toethanol and 0.02% bromophenol blue, pH 6.8). The samples were
incubated for 30 min at 37°C. The pellet samples were mixed with
2 x loading buffer and boiled at 95°C for 5 min, centrifuged at 12000
g for 2 min. Samples were then mixed with an equal volume of the
membrane solubilization buffer, and incubated at 37°C for 30 min.
Protein samples were resolved by SDS-PAGE and transferred to the
PVDF membrane. Membranes were blocked with 2% BSA in TBST,
incubated with indicated primary and secondary antibodies. Im-
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munoreactivity was detected by using Pierce ECL substrate (Ther-
mo Scientific).

Immunofluorescence assay

SMO-KO NIH3T3 cells were washed with PBS, fixed with 4% PFA at
room temperature for 30 min, permeabilized with 0.1% Triton X-
100 for 5 min, and blocked with 2% BSA. Then, cells were stained
with the anti-SMO antibody (1:1000) and anti-ARL13B antibody
(1:1000) in 2% BSA and then fluorescent secondary antibodies at
room temperature for 1 h. Confocal images were obtained by Leica
microscope SP8 (Leica, Heidelberg, Germany). Fluorescence
quantification showing the localization of SMO mutants on cilia
were performed using Fiji software [29]. For each group, the images
of 30 cells were calculated.

Luciferase assay

For SMO mutants analysis, SMO-KO NIH3T3 cells were plated in 24-
well plates and transfected with the plasmids expressing SMO,
GliSBS-firefly luciferase and pEGFP-N1 in aratioof 2 : 2 : 1 with LTX
reagent (Thermo Scientific) [30]. Cells were incubated with or
without 0.5% serum medium containing N-Shh for 24 h. Each
mutant was performed in triplicate [13].

Sequence analysis

The sequence analysis was performed by using the clustal software
to align SMO-CRD sequences [31]. The proteins ID was based on the
uniport website.

Statistical analysis

Data are presented as mean + SD. Statistical analysis was performed
in GraphPad Prism 8 software using one-way ANOVA. P<0.05 were
considered statistically significant.

Results

SMO-CRD(27-192) is the minimal segment for
cholesterylation

The topology of human SMO is shown in Figure 1A. To identify the
minimal region of SMO that can be modified by cholesterol, we
expressed the full-length (FL) and different truncated SMO in
HEK293T cells. After incubation in the medium containing choles-
terol probe (CP) that is a cholesterol analog with azide group on the
side chain [21], the cells were lysed and subjected to click chemistry
reaction that allows the linkage with a biotin molecule. The bioti-
nylated SMO protein with CP modification was pulled down using
neutravidin agarose and analyzed with anti-SMO antibody. This
procedure was described in detail in previous reports [9-21].

We confirmed that SMO could be modified by CP (Figure 1B). The
truncated SMO proteins including SMO(1-259), SMO(1-233) and
SMO(1-192) were all efficiently conjugated by CP (Figure 1B-E).
These results are consistent with our previous report showing that
SMO cholesterylation is a Ca**-boosted autoreaction [22].

The cation-n interaction between Y85 and K133 is
essential for cholesterylation of SMO

To understand the molecular details of SMO cholesterylation, we
individually mutated the residues in CRD of human SMO that
contain functional groups in the side chains. A total of 66 residues,
including 15 acidic ones (D95, D97, D137, D165, D172, E71, E100,
E101, E135, E140, E158, E160, E176, E181 and E194), 18 basic ones
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Figure 1. SMO-CRD(27-192) is the minimal segment for SMO cholesterylation (A) The topology of human SMO protein. (B-E) Cholesterylation of
the SMO variants. HEK293T cells were transfected with the indicated SMO-expressing plasmids. After incubation with the medium containing 2 ng/
mL cholesterol probe (CP) for 16 h, the cells were harvested and subjected to the click assay with biotin-alkyne. The CP-modified SMO was pulled
down with neutravidin beads and analyzed by immunoblotting with the anti-SMO antibody.

(K105, K133, K186, R28, R42, R49, R50, R66, R74, R113, R117,
R138, R144, R151, R159, R161, R168 and R173), 9 aromatic ones
(F166, F174,F187, W109, W119, W163, Y75, Y85, and Y130) and 24
polar ones (T37, TS5, T88, T90, T145, T150, T170, T179, S32, S33,
S43, 547, S51, S62, S81, S89, S96, S98, S110, S143, S189, S190, H63,
and H103), were mutated to alanine.

The sequence alignment of SMO-CRD in human, mouse, zebra-
fish, drosophila and xenopus is shown in Supplementary Figure S1.
SMO-CRD contains three tyrosine residues and three lysine residues
(Figure 2A). The cation-r interaction is defined as d1 <7.0 A [32].
The distance between the ammonium nitrogen of K133 and the
centroid of the aromatic ring of Y85 is 6.4 A, fitting the definition for
cation-n interaction. The Y130A mutation abolished SMO choles-
terylation (Figure 2B), which is consistent with our previous find-
ings that the side chains of Y130 and D95 form the D95-Y130
intramolecular ester bond that is required for subsequent ester
bonding between cholesterol and D95 [22]. Interestingly, Y85A and
K133A mutations also completely abrogated cholesterol modifica-
tion of SMO (Figure 2B,C). Since Y85 and K133 are spatially distant
from D95 (Figure 2A), we hypothesize that they may not directly
participate in the cholesterylation reaction but interact with each
other through cation-n interaction. To test this hypothesis, we re-
placed K133 with arginine and Y85 with phenylalanine. The SMO
(K133R) and SMO(Y85SF) could be efficiently conjugated with CP
(Figure 2D,E). Together, these results suggest that Y85 and K133
form a cation-n interaction, which is critical for SMO cholesteryla-

tion likely through maintaining the structure of CRD.

The W109, W119, W163 and F166 residues are critical for
glycosylation and cholesterylation of SMO

Mutation of the two histidine residues and fifteen arginine residues
did not affect cholesterylation of SMO (Figure 3A-C). Consistently,
their residence is far from the cholesterol-binding groove in the CRD
(Figure 3A). However, replacement of alanine with F166, W109,
W119 and W163 nearly eliminated cholesterol modification of SMO
(Figure 3D,E). The F174A mutation partially decreased SMO cho-
lesterylation. The F166A, W109A, W119A and W163A forms of
SMO mainly showed one low-molecular-weight band in input
fraction, suggesting that they are not efficiently glycosylated and
their protein folding might be significantly impaired.

The E160 residue is critical for SMO cholesterylation

We examined the effect of acidic residues in CRD on SMO choles-
terylation. The D95 residue is the cholesterol modification site and
D95A mutation prevented CP linkage (Figure 4A,B). Besides D95A,
E158A partially and E160A completely abolished cholesterol mod-
ification of SMO (Figure 4C). In the structure of FL SMO protein
[20], R485 is spatially close to E160 and D209. But R485A and
D209A mutations only partially decreased SMO modification by
cholesterol. Consistent with the findings that SMO(1-192) can be
conjugated by cholesterol (Figure 1E), E1I60A mutation completely
abolished SMO cholesterylation (Figure 4B-E). These results de-
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Figure 2. Analysis of the requirement of Y and K in CRD for SMO cholesterylation (A) lllustration of lysine (K, magenta) and tyrosine (Y, green)
residues in the SMO-CRD structure based on PDB: 5L7D. The Y85 and K133 residues are enlarged on the right. (B-E) Cholesterylation of SMO

variants. The experiments were done as described in Figure 1B.

monstrate that E160 is critical for cholesterol linkage but this effect
is not related to R485.

We analyzed whether any threonine or serine residues in CRD are
required for SMO cholesterylation. Figure 5 showed that T88 and
T90 are essential for SMO modification. The glycosylation of SMO
was severely attenuated by T88A but slightly changed by T90A
(Figure 5B). The S110A mutation partially decreased SMO choles-
terylation (Figure 5).

Correlation between SMO cholesterylation and ciliary
localization

Based on how alanine substitution affects cholesterylation and
protein glycosylation, we divided the 66 residues examined earlier
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into three categories. Class 1 included the residues whose mutation
abolished cholesterylation but not glycosylation appearance of SMO
(Figure 6A, in red). The residues in class 2 were essential for both
glycosylation and cholesterylation (Figure 64, in blue), suggesting
their critical roles in protein folding. The class 3 residues showed
normal cholesterylation and glycosylation when mutated to alanine
(Figure 6A, in black). We focused on the residues in class 1 because
their mutations seem not to affect protein folding. Figure 6B showed
their location relative to D95, where cholesterylation occurs.

To analyze the function of SMO variants, we transiently expressed
them in Smo-deficient NIH3T3 cells. ShhN induced the ciliary loca-
lization of SMO(Y85F) and SMO(K133R), both of which could be
highly cholesterylated, as that of WT SMO. The Y130A, Y85A,
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Figure 3. Analysis of the requirement of W, F, H and R residues in CRD for SMO cholesterylation (A) lllustration of tryptophan (W, green),
phenylalanine (F, magenta), histidine (H, purple) and arginine (R, blue) residues in the SMO-CRD structure based on PDB: 5L7D. Tryptophan is
shown in green. (B-E) Cholesterylation of SMO variants. The experiments were done as described in Figure 1B.

K133A, and E160A mutants, like the D9SA mutation, were barely
translocated to primary cilium (Figure 6C,D). Gli luciferase reporter
assay also confirmed that the D95A, Y130A, Y85A, K133A, E160A
mutants substantially lost the activity of signal transduction under
both basal and N-Shh-stimulating conditions (Figure 6E) , suggesting
that cholesterol modification is a prerequisite for SMO translocation
to primary cilium and critical for Hh signal transduction.

Discussion
The human SMO protein is covalently linked to cholesterol on the

D95 residue and this cholesterylation is critical for the SMO acti-
vation by Hh [21,22]. Our previous work demonstrated that SMO
cholesterylation is a Ca?*-boosted autoreaction. Cholesterol occu-
pies the groove of SMO-CRD with 3-beta hydroxyl group residing
adjacent to D95. The side chains of D95 and Y130 form an ester
bond that serves as a high energy intermediate. Then the 3-beta
hydroxyl group of cholesterol forms an ester bond with the side
chain of D95.

In this study, we systematically analyzed the residues of SMO(27-
192) that harbor functional groups. We analyzed the effects of 66

Kong et al. Acta Biochim Biophys Sin 2022
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Figure 4. Analysis of the requirement of E and D residues in CRD for SMO cholesterylation (A) lllustration of glutamic acid (E, green) and aspartic
acid (D, magenta) in the SMO-CRD structure based on PDB: 5L7D. (B-E) Cholesterylation of SMO variants. The experiments were done as

described in Figure 1B.

residues on SMO cholesterylation. Besides D95 and Y130, eight
additional residues (E160, Y85, K133, T90, F166, W109, W119 and
T88) were identified to be critical for cholesterol modification. The
F166, W109, W119 and T88 residues also affect glycosylation of
SMO. Therefore, it is possible that their impairment of cholester-
ylation is a secondary consequence of protein misfolding. The dis-
tance of other residues to D95 is more than 10.8 A (Figure 6B),
suggesting they may not directly participate in ester bond formation.

Although we do not know how mutations of E160 and T90
abolish SMO cholesterylation, our results suggest Y85 and K133
form a cation-n pair that is required for cholesterol conjugation to
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SMO and ciliary localization of SMO. The cation-n interaction is a
major force determining molecule interaction and protein con-
formation. In the SMO protein, a short a-helical structure proceed-
ing the C295 residue in SMO is stabilized by a cation-n interaction
[22]. The cation-n interaction between TM6 and TM?7 is essential for
locking SMO in an inactive configuration and opens in the active
state [24]. In this study, we identify a cation-n interaction inside the
CRD of SMO. In contrast to the cation-n interaction between TM6
and TM?7, this new cation-nt pair between Y85 and K133 is required
for SMO cholesterylation and activation. Importantly, it is worth
further investigation whether these residues critical for SMO cho-
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Figure 5. Analysis of the requirement of T and S residues in SMO(1-192) for SMO cholesterylation (A) lllustration of threonine (T, green) and
serine (S, magenta) residues in the CRD based on PDB: 5L7D. (B-C) Cholesterylation of SMO variants. The experiments were done as described in

Figure 1B.

lesterylation are subjected to other types of modification or reg-
ulation so that the Hh signaling can be modulated.

Supplementary Data
Supplementary Data is available at Acta Biochimica et Biphysica
Sinica online.
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Figure 6. Analysis of the function of SMO variants (A) Summary of the effect of different residues in human SMO(1-192). Mutations of the
residues in red abolished the cholesterylation but not glycosylation of SMO. Mutations of the residues in blue abolished both glycosylation and
cholesterylation of SMO. Mutations of the residues in black had no obvious effects on the glycosylation or cholesterylation of SMO. (B) The
distance of the indicated residues to D95 analyzed by PyMOL software based on PDB: 5L7D. (C) Primary ciliary localization of SMO variants in Smo-
deficient NIH3T3 cells treated with ShhN. SMO is shown in green and ARL13B, the cilia marker, is shown in red. Nuclei were counterstained with
DAPI. Scale bar, 5 um. (D) Quantification of SMO intensity on primary cilium (n =30 for each group). Data are presented as mean + SD and analyzed
using one-way ANOVA. ****P <0.0001, n.s., not statistically significant. (E) The Gli-Luc reporter assay of SMO variants in Smo-deficient NIH3T3
cells treated with or without ShhN. Data are presented as mean +SD and analyzed using one-way ANOVA. ****P<(0.0001, n.s., not statistically
significant.
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