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INTRODUCTION
The Hedgehog (Hh) signal transduction pathway plays an essential
role in establishing tissue organization during metazoan
development (Ingham and McMahon, 2001; Jiang and Hui, 2008).
Consistent with this crucial role, familial or sporadic mutation in
Hh pathway signaling components contributes to a range of
developmental disorders (Cohen, 2010; Johnson et al., 1996). Hh
signaling can also contribute to tumor development and
progression, being causative in a subset of medulloblastoma
(Gottardo and Gajjar, 2008), basal cell carcinoma (Hahn et al.,
1996; Unden et al., 1996; Wolter et al., 1997) and
rhabdomyosarcoma (Zibat et al., 2010).

Hh pathway activation is controlled by two membrane proteins,
the 12-pass transmembrane protein Patched (Ptc), the Hh receptor
(Hooper and Scott, 1989; Marigo et al., 1996; Nakano et al., 1989;
Stone et al., 1996) and the signal transducer Smoothened (Smo), a
member of the G-protein coupled receptor (GPCR) superfamily
(Alcedo et al., 1996; van den Heuvel and Ingham, 1996). In the
absence of Hh, Ptc blocks Smo signaling, in part through regulating
its subcellular localization (Rohatgi et al., 2007; Zhu et al., 2003).
Hh binding to Ptc removes this inhibition (Denef et al., 2000;
Torroja et al., 2004), which allows Smo to signal to an intracellular
Hh signaling complex (HSC) (Denef et al., 2000; Rohatgi et al.,
2007). In Drosophila, the HSC consists of the kinesin-related
protein Costal2 (Cos2), the protein kinase Fused (Fu) and the GLI

transcription factor, Cubitus interruptus (Ci) (Alexandre et al.,
1996; Motzny and Holmgren, 1995; Robbins et al., 1997; Sisson et
al., 1997). In the absence of Hh, the HSC targets Ci for proteolytic
processing, which converts it to a truncated transcriptional
repressor (Aza-Blanc et al., 1997; Robbins et al., 1997; Sisson et
al., 1997; Zhang et al., 2005; Zhou and Kalderon, 2010). In
response to Smo signaling to the HSC, Ci accumulates in its full-
length activator form and activates Hh target gene expression
(Chen et al., 1999; Ohlmeyer and Kalderon, 1998; Robbins et al.,
1997; Stegman et al., 2004; Wang and Holmgren, 2000). It is well
documented that Smo association with Cos2 is a requisite step in
HSC activation (Jia et al., 2003; Lum et al., 2003; Ogden et al.,
2003; Ruel et al., 2003). We recently demonstrated that an
additional mechanism by which Smo signals is to serve as a
canonical GPCR, engaging the heterotrimeric G-protein Gi
(Ogden et al., 2008).

Like numerous GPCRs, Smo possesses spatially conserved
cysteines in each of its extracellular (EC) loops (Fig. 1A and
supplementary material Fig. S1A) (Karnik et al., 1988; Moro et al.,
1999; Quirk et al., 1997; Rader et al., 2004). In the majority of
GPCRs, loop cysteines facilitate disulfide bond formation between
the EC1/Transmembrane domain 3 (TM3) junction and EC2 to
stabilize a functional receptor conformation (Massotte and Kieffer,
2005). Alteration of this bond triggers dramatic effects on signaling
by a range of well-characterized GPCRs, underscoring the
importance of the EC loops and conserved loop cysteines (Cook et
al., 1996; Moro et al., 1999). Despite vast interest in understanding
how Smo signaling is regulated, specific examination for functional
roles of its EC loops has not been reported.

To test for functional roles of the Smo EC loops, we targeted
each of the conserved loop cysteines, and examined effects of their
loss on Smo-mediated pathway induction. Our results demonstrate
that Smo EC loops play crucial roles in its regulation. We provide
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SUMMARY
The Hedgehog (Hh) signaling pathway plays an instructional role during development, and is frequently activated in cancer.
Ligand-induced pathway activation requires signaling by the transmembrane protein Smoothened (Smo), a member of the G-
protein-coupled receptor (GPCR) superfamily. The extracellular (EC) loops of canonical GPCRs harbor cysteine residues that engage
in disulfide bonds, affecting active and inactive signaling states through regulating receptor conformation, dimerization and/or
ligand binding. Although a functional importance for cysteines localized to the N-terminal extracellular cysteine-rich domain has
been described, a functional role for a set of conserved cysteines in the EC loops of Smo has not yet been established. In this
study, we mutated each of the conserved EC cysteines, and tested for effects on Hh signal transduction. Cysteine mutagenesis
reveals that previously uncharacterized functional roles exist for Smo EC1 and EC2. We provide in vitro and in vivo evidence that
EC1 cysteine mutation induces significant Hh-independent Smo signaling, triggering a level of pathway activation similar to that
of a maximal Hh response in Drosophila and mammalian systems. Furthermore, we show that a single amino acid change in EC2
attenuates Hh-induced Smo signaling, whereas deletion of the central region of EC2 renders Smo fully active, suggesting that the
conformation of EC2 is crucial for regulated Smo activity. Taken together, these findings are consistent with loop cysteines
engaging in disulfide bonds that facilitate a Smo conformation that is silent in the absence of Hh, but can transition to a fully
active state in response to ligand.
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in vitro and in vivo evidence that cysteines in EC1 and EC2 are
required to prevent Smo from inappropriately activating the Hh
pathway. EC2 appears to play a pivotal role in regulating Smo
signaling, as a single C to A mutation in EC2 compromises
signaling (Nakano et al., 2004), whereas deletion of the central
portion of EC2 renders it fully active. Taken together, our findings
suggest that conserved EC cysteine residues engage in disulfide
bonds that facilitate Smo loop conformations which prevent
signaling in the absence of Hh but allow transition to an active state
following ligand stimulation.

MATERIALS AND METHODS
Expression vectors, transgenes and dsRNA preparation
pAc-myc-smo (Ogden et al., 2006) was mutated using a QuikChange II
Mutagenesis Kit (Stratagene), and mutations verified by sequencing.
Mutant cDNA was amplified from pAc-myc-smo and cloned into pUASattB
(Bischof et al., 2007) using NotI and KpnI restriction sites to generate
pUAS-myc-smo. pCDNA-mouse(m)Smo was generated by excising Smo
from pYX-ASC (Open Biosystems), and cloning into pCDNA3.1 using NotI
and EcoRI restriction sites. C to A or deletion mutations were induced
using QuikChange.

smo 5�UTR dsRNA template was amplified from BACR22C14
(DGRC), and ligated into pZero (Invitrogen) to generate pZero-smoUTR.
T7 sites for dsRNA synthesis were introduced during amplification of
smoUTR cDNA from pZero-smoUTR. dsRNA was generated as described
(Ogden et al., 2008).

Lysate preparation and activity assays
Expression vectors and dsRNA were transfected using Lipofectamine 2000
(Invitrogen). For rescue experiments, ~8�105 Cl8 cells were transfected
with 500 ng smo 5�UTR dsRNA, 100 ng ptc136-luc (Chen et al., 1999),
10 ng pAc-renilla (Ogden et al., 2006) and 50 ng of pAc-myc-smo. DNA
and RNA content were normalized with pAc5.1A and/or control dsRNA.
For dominant activity assays, cells were transfected with 100 ng pAc-hh
and increasing amounts of pAc-myc-smo (1X50 ng). Cells were lysed ~48
hours post-transfection and luciferase activity measured using Dual
Luciferase (Promega). Assays were performed two or three times in
duplicate, and all data pooled. For mammalian reporter assays, ~75,000
NIH3T3 cells were transfected with 100 ng 8XGlibs-luciferase (Sasaki et
al., 1997), 100 ng pRL-TK (Promega), 100 ng wild-type or mutant pCDNA-
mSmo and 200 ng pCDNA-Shh or empty vector. Reporter activity was
measured ~48 hours post-transfection. Assays were performed twice in
triplicate, and all data pooled. Error bars indicate s.e.m.

For biochemical analysis, 8�106 Cl8 cells were transfected with 5 g
of pAc-myc-smo and 3 g of pAc-hh. DNA content was normalized using
pAc5.1A. Forty-eight hours post-transfection cells were lysed in NP-40
lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris, 50 mM NaF, 0.5 mM
DTT, and 1X PIC (Roche), pH 8.0), and centrifuged for 10 minutes at
2000g. Samples were analyzed by western blot with the following
antibodies: anti-Myc (Roche), anti-Smo (Ogden et al., 2006), anti-Fused
(Ascano et al., 2002), anti-Cos2 (Stegman et al., 2000), anti-Ci anti-Ptc
(gifts from T. Kornberg, UCSF, USA) and anti-Kinesin (Cytoskeleton).

For phosphatase analysis, lysates were prepared as above, diluted 30%
with buffer (0.1% Brij35, 50 mM Tris (pH 8), 150 mM NaCl, 1% NP-40,
2 mM MnCl2, 0.1 mM EDTA, 5 mM DTT, 1� NEB PMP), then treated
with 800U of phosphatase for 30 minutes at 30°C. Reactions were
stopped by adding SDS sample buffer containing 200 mM DTT.

For maleamide labeling, cells were lysed hypotonically and membrane
pellets prepared from ~1 mg total protein (Ogden et al., 2003). Membranes
were resuspended in 0.1% NP-40 Buffer containing 0.1 mM CaCl2 and 1
mM MgCl2. Samples were pre-cleared against NeutrAvidin agarose for 30
minutes at 4°C, then incubated with 1.25 mM maleimide-PEG11-biotin
(Thermo) for 30 minutes on ice. Maleimide-labeled proteins were collected
on NeutrAvidin agarose, washed with 0.1% NP-40 Lysis Buffer and eluted
in 5X SDS Buffer (10% SDS, 20% glycerol, 200 mM Tris-HCl, pH 6.8,
0.05% Bromophenol Blue, 1 mM DTT, 1% -mercaptoethanol). Samples
were analyzed by western blot using anti-Smo.

Fly crosses and transgenes
Transgenes were targeted to landing site 3L-68E using the phiC31 system
(Bischof et al., 2007). UAS-myc-smo transgenes were expressed with 69B-, 
MS1096- and/or C765-Gal4. All crosses were performed at 25°C twice at
minimum, and multiple flies were analyzed.

Wings were dissected from male flies, and mounted on glass slides using
DPX mounting media. Wing imaginal discs were dissected from third
instar larvae and fixed, stained and mounted as described (Ogden et al.,
2006). To generate FLP-out clones, ywhsflp,actin[FRT-CD2]GAL4; UAS-
myc-smo first instar larvae were heat-shocked for 1 hour at 37°C. Imaginal
discs were immunostained using Ci, Ptc, Smo and -gal (Promega) primary
antibodies and appropriate Alexa Fluor-conjugated secondary antibodies
(Invitrogen). Representative discs are shown.

Embryos were collected for 3 hours and aged for ~15 hours. Embryos
were dechorionated in 50% bleach for 2 minutes, mounted using
Hoyers:lactic acid (50:50), and fixed for ~3hours at 55°C. Abdominal
segments 3-4 were examined.

Immunofluorescence and microscopy
Cl8 or S2 cells (~6�106) were transfected as described above. Forty-eight
hours post-transfection, cells were replated on chamber slides and
immunostained as described (Ogden et al., 2006). Alexa 633 phalloidin
(Invitrogen) was used to mark the plasma membrane and Cal-GFP-KDEL
marked the ER (Casso et al., 2005).

For mammalian Smo localization analysis, ~ 75,000 NIH 3T3 cells were
plated on Permanox-coated chamber slides and transfected with 1 g
pCDNA-mSmo or pCDNA-mSmoC318A in the absence or presence of
pCDNA-Shh using Lipofectamine 2000 (Invitrogen). Forty-eight hours
post-transfection cells were immunostained using anti-mSmo (E5, Santa
Cruz), anti-GRP94 ER (Shen et al., 2002) and anti- tubulin (Sigma). To
examine primary cilia, cells were fixed, stained and imaged as previously
described (Garcia-Gonzalo et al., 2011).

To quantify Myc-Smo localization in Cl8 cells, seven fields of cells were
imaged over two independent experiments. Percent colocalization with the
ER marker was calculated. Error indicates s.e.m.

Confocal images were collected using a Zeiss LSM 510 NLO Meta
Microscope. Wings were imaged on a Zeiss Stemi 2000-C microscope with
a Zeiss AxioCam ICc3 camera, and embryos on a Nikon E800 with a
Nikon DMX1200c camera. Images were prepared using Photoshop CS4.

RESULTS
Amino acids localizing to the EC loops were predicted using
http://bp.nuap.nagoya-u.ac.jp/sosui/, which identified residues
consistent with published extracellular and transmembrane domain
predictions (Fig. 1A and supplementary material Fig. S1A) (Alcedo
et al., 1996). Residue C339, predicted to localize to the EC1/TM3
junction (hereafter referred to as TM3) was also included in our
analyses, as this spatially conserved cysteine forms a disulfide bond
with an EC2 cysteine in the vast majority of characterized GPCRs
(Karnik et al., 1988; Moro et al., 1999; Rader et al., 2004).

EC1 and EC2 cysteine mutants induce ectopic Hh
pathway activation in vitro
Each EC loop cysteine was individually mutated to alanine. We
tested the ability of EC loop C to A mutants to rescue Hh-
dependent reporter gene activation following knockdown of
endogenous smo (Fig. 1B). Transfection of smo 5�UTR dsRNA into
Clone 8 (Cl8) cells eliminated activation of the ptc-136-luciferase
(ptc-luciferase) reporter construct (Chen et al., 1999). As control,
we co-transfected wild-type myc-smo with UTR dsRNA, and
observed rescue of Hh-dependent reporter induction to near wild-
type levels. Whereas mutation of EC3 cysteine residues (C513A
and C525A) did not alter rescue of reporter gene activity, mutation
of conserved cysteine residues in EC1 (C320A), TM3 (C339A) and
EC2 (C413A) did (Fig. 1B). Mutation of these residues triggered D
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Fig. 1. Conserved loop cysteines play a regulatory role in Smo signaling. (A)Alignment of Drosophila residues 306-596 against sequences of
zebrafish, mouse, and human Smo proteins and Drosophila Frizzled2. Transmembrane residues are light gray, intracellular loops are dark gray and
extracellular loops are black. Conserved loop 1 (L1) C320 and C339, loop 2 (L2) C413 and loop 3 (L3) C513 and C525 cysteines (Drosophila
numbering) are indicated by arrowheads. Alignments were generated using StrapAlign (http://www.bioinformatics.org/strap/). (B)EC1 and EC2
cysteine mutants differentially rescue smo knockdown. Cl8 cells were treated with control or smo 5�UTR dsRNA and transfected with the indicated
pAc-myc-smo expression vector. The ability of wild type or each of the Myc-Smo C to A mutants to rescue ptc-luciferase activity in presence of
control vector (light gray bars) or pAc-hh (dark gray bars) is shown. The Hh-induced level of activity obtained in the presence of control dsRNA was
set to 100%, and percent reporter activity relative to this value is shown. Activity levels are normalized to a pAc-renilla transfection control. Error
bars indicate standard error of the mean (s.e.m.). (C)Loop 1 C to A mutants are dominant positive. Myc-Smo C to A mutant proteins were
expressed in Cl8 cells with or without Hh, as indicated. Reporter activity was assessed as in B. In each case, 1X corresponds to 50 ng pAc-myc-smo.
Error bars indicate s.e.m. (D)EC1 and EC2 cysteine mutants differentially activate downstream effectors. Lysates of Cl8 cells expressing wild-type or
C to A mutant Smo proteins in the presence of pAc-hh (+) or empty vector (–) were examined by western blot. Short (Fu) and long (Fu dark)
exposures are shown to visualize phosphorylation-induced mobility shifts (lanes 5 and 7). Samples are normalized to protein. Kinesin (Kin) serves as
a loading control. (E)EC3 C to A mutants do not induce ligand-independent activation of downstream effectors. Lysates of Cl8 cells transfected
with wild-type or C to A mutant pAc-myc-smo expression vectors with pAc-hh (+) or empty vector (–) were examined by western blot. Samples are
normalized to protein. Kin serves as a loading control. (F)C to A mutants have free cysteines. Membrane fractions prepared from cells transfected
with the indicated smo constructs were treated with maleimide-PEG11-biotin to label free cysteines. Biotinylated proteins were precipitated on
NeutrAvidin agarose and surveyed by western blot against Smo (bottom panel). Wild-type and mutant Smo proteins demonstrate similar mobility
before treatment (upper panel, black arrow). C to A mutants in affinity complexes migrate more slowly than wild-type Smo (bottom panel, gray
arrow compared with black). D
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increased baseline activity, ranging from ~20% (C413A) to ~100%
(C339A) of the control Hh response. Although the EC1 and EC2
substitutions were able to induce ectopic signaling in the absence
of Hh, they demonstrated attenuated Hh-induced activity (Fig. 1B),
suggesting that alteration of these residues shifts Smo toward a
low- to intermediate-level signaling conformation. Myc-
SmoC339A was nearly fully active in both the absence and
presence of Hh, suggesting that this mutation triggers a highly
active conformation.

To determine whether EC1, TM3 and EC2 loop mutants
possessed dominant activity in the presence of endogenous Smo,
we tested their ability to alter reporter gene expression in a wild-
type smo background (Fig. 1C). Whereas all constructs enhanced
Hh-induced reporter gene activation, they demonstrated significant
differences in their effects on baseline signaling. Consistent with
the previously characterized post-translational regulation of Smo
(Alcedo et al., 2000; Denef et al., 2000), increasing amounts of
wild-type Myc-Smo did not alter baseline reporter activity.
However, both C320A and C339A mutants increased baseline
activity in a dose-dependent manner, reaching an activity level near
to that of the control Hh response (Fig. 1C). By contrast, C413A
increased baseline reporter activity only modestly, and did so in a
non-dose-dependent fashion (Fig. 1C).

In response to Hh, Smo is stabilized and phosphorylated, Fu and
Cos2 are phosphorylated and Ci is stabilized in its full-length form
to activate target genes, including ptc and decapentaplegic (dpp)
(Aza-Blanc et al., 1997; Denef et al., 2000; Robbins et al., 1997;
Sisson et al., 1997; Therond et al., 1996). To determine whether
EC1, TM3 and EC2 mutants could induce these Hh responses in
endogenous signaling components in the absence of ligand, we
performed western blot analysis on lysates prepared from Cl8 cells
expressing wild-type or mutant myc-smo constructs (Fig. 1D and
supplementary material Fig. S1B,C). Fu phosphorylation was not
significantly altered by expression of wild-type or C413A Myc-
Smo proteins. However, EC1 and TM3 cysteine mutants, C320A
and C339A, triggered some Hh-independent phosphorylation (Fig.
1D and supplementary material Fig. S1B,C). Whereas Myc-
SmoC320A did not have a significant effect on Ci or Ptc (Fig. 1D
and supplementary material Fig. S1C), C339A induced ligand-
independent stabilization of Ci and induction of Ptc protein to a
level similar to that of Hh (Fig. 1D and supplementary material Fig.
S1C). This is consistent with the near full induction of reporter
gene activity by C339A in both the absence and presence of Hh
(Fig. 1B,C). Myc-SmoC413A induced modest ligand-independent
Ci stabilization (Fig. 1D, lane 9), but was unable to induce
endogenous Ptc (supplementary material Fig. S1C). The modest
effects on Fu and Ci, and lack of induction of Ptc by C320A and
C413A, are more consistent with intermediate pathway activity, as
suggested by the less robust reporter gene activity induced by these
mutants following knockdown of endogenous smo (Fig. 1B).

Although each of the Smo EC loop mutants demonstrated
increased stability compared with wild-type Myc-Smo, we did not
observe extensive phosphorylation-induced mobility shifts of loop
mutants in either the absence or presence of Hh (Fig. 1D, lane 4
compared with 5-10, Smo). To confirm that the mobility shift of
wild-type Myc-Smo was the result of Hh-induced phosphorylation,
and to determine whether C to A mutants had any detectible
phosphorylation, we treated lysates with phosphatase, and
examined for changes in wild-type and mutant Smo protein
mobility (supplementary material Fig. S1D). Whereas Hh-
stimulated Myc-Smo demonstrated a significant downward shift
following phosphatase treatment (lanes 3, 4), non-Hh-stimulated
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Myc-Smo and each of the C to A mutants shifted down only
modestly (lanes 1, 2 and 5-16), suggesting an attenuated level of
phosphorylation.

To determine whether activating C to A mutants could signal in
the absence of known Smo phosphorylation sites, we mutated
previously characterized PKA, CK1, GSK3 and GPRK2 sites
(Apionishev et al., 2005; Jia et al., 2004; Zhao et al., 2007) to
alanine, alone and in combination with the activating C339A
mutation, and tested the ability of compound mutants to rescue
reporter gene activity in a smo knockdown background
(supplementary material Fig. S1E and data not shown). Ablation of
PKA and CK1 sites compromised the ability of both wild-type and
C339A Smo proteins to rescue reporter activity, indicating a
requirement for these sites (data not shown). Conversely,
SmoC339A rescued the Hh response, and elevated baseline
signaling activity in the presence of either GSK3 or GPRK2
phosphorylation site mutation (supplementary material Fig. S1E).
Further, the C339A mutation was able to confer ectopic activity to
the GPRK2/GSK3 site compound mutant, albeit at a lower level.
Taken together, these results suggest that GSK3 and GPRK2
phosphorylation sites are not required for induction of ectopic
signaling by the C339A mutation. We speculate that the lack of
mobility shift of EC C to A mutants could be owing to reduced
higher-order phosphorylation by GSK3 and/or GPRK2.

We tested for effects on Hh pathway components by the EC3
mutants C513A and C525A, both of which demonstrated wild-
type-like activity in reporter assays (Fig. 1B). Similar to the
activating EC1 and EC2 mutant proteins, both EC3 mutants
appeared more stable than wild-type Myc-Smo (Fig. 1E, compare
lanes 5-8 with 3 and 4). However, they did not induce ectopic Fu
or Cos2 phosphorylation or Ci stabilization (Fig. 1E), suggesting
that increased signaling by EC1, TM3 and EC2 mutants was not
the result of their increased stability. Hh-induced mobility shifts of
Myc-SmoC513A and Myc-SmoC525A proteins were detectable,
although modest compared with that of wild-type Myc-Smo (Fig.
1E, compare lanes 6 and 8 with 4, Smo dark exposure).

To determine whether the altered signaling activity of EC1 and
TM3 mutants C320A and C339A and/or EC2 mutant C413A
results from disruption of a disulfide bridge, we expressed wild-
type and each of these mutants in Cl8 cells, and labeled free
cysteines using maleimide-PEG11-biotin (Fig. 1F). Cellular
membrane fractions were treated with maleimide-biotin, and
biotinylated proteins collected on NeutrAvidin agarose. Modest
amounts of wild-type Myc-Smo could be detected in NeutrAvidin
precipitates (Fig. 1F, bottom panel), indicative of free cysteines in
wild-type Smo capable of binding biotinylated maleimide. Higher
levels of the EC1, TM3 and EC2 C to A mutants were present in
biotin affinity precipitates, suggesting an increased level of
biotinylated maleimide label (compare lanes 4-6 with 2 and 3).
This is consistent with a larger number of free cysteines, suggesting
that C to A mutation of any of these residues results in disruption
of a disulfide bond. Furthermore, whereas wild-type and C to A
mutant Myc-Smo demonstrated similar electrophoretic mobilities
before maleimide-biotin labeling (top panel, black arrowhead),
affinity-precipitated C to A mutant proteins consistently
demonstrated slower mobilities compared with that of precipitated
wild-type Smo (bottom panel gray arrowhead compared with black
arrowhead). These results are consistent with higher-order
maleimide-PEG11-biotin linkage to a larger number of free
cysteines (Thermo technical support personal communication).
Taken together, these results suggest that C320, C339 and C413
engage in functionally relevant disulfide bonds. D
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EC1 and EC2 cysteine mutants demonstrate
altered subcellular localization
Smo subcellular localization is tightly regulated, and correlates
with its signaling activity (Denef et al., 2000; Rohatgi et al., 2007;
Zhu et al., 2003). In the absence of Hh, Smo localizes to
intracellular vesicles including recycling endosomes and lysosomes
(Fig. 2A, and supplementary material Fig. S2A) (Incardona et al.,
2002; Zhu et al., 2003). Hh triggers Smo relocalization to the PM
(Fig. 2A�, and supplementary material Fig. S2A�) (Denef et al.,
2000). Because relocalization from punctate structures to the PM
correlates with active signaling, we wanted to determine whether
activating loop mutants demonstrated a non-punctate localization
in the absence of Hh. Wild-type and EC loop mutant Smo proteins
were expressed in Cl8 (Fig. 2) or Schneider 2 (S2) cells
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(supplementary material Fig. S2), and examined for localization in
the absence and presence of Hh. Given the high level activity of
the C320A and C339A Smo mutants, we predicted that they would
localize to the PM. On the contrary, both highly active mutants, as
well as the moderately active EC2 mutant C413A, localized
exclusively to the ER (supplementary material Table 1 and Fig. 2B-
D compared with 2A, supplementary material Fig. S2B compared
with S2A and data not shown). This localization did not change in
response to Hh, suggesting that, like the oncogenic SMO-A1
mutant, active C to A mutants are capable of signaling from the
ER, in a Hh-independent manner (Chen et al., 2002; Taipale et al.,
2000).

Activating EC1 mutants induce Hh gain-of-
function phenotypes in vivo
To determine whether the level of Hh pathway activation induced by
EC1 and EC2 mutants in vitro could trigger Hh gain-of-function
phenotypes in vivo, we generated transgenic Drosophila to express
wild-type and C to A mutant Myc-Smo constructs under control of
the UAS/Gal4 system. In order to obtain comparable expression of
our smo transgenes in vivo, we utilized the phiC31 system to target
all constructs to the same genetic location (Bischof et al., 2007). Smo
constructs were expressed in wing discs in FLP-out clones (Fig. 3
and supplementary material Fig. S3A) or under control of C765- or
apterous (ap)-Gal4 (supplementary material Fig. S3B-G). Wing
discs were analyzed by western blot for Smo stability and indirect
immunofluorescence for effects on Ci, ptc and dpp-lacZ (Fig. 3 and
supplementary material Fig. S3B-G). Myc-Smo proteins
demonstrated similar stabilities, with the exception of wild-type
Myc-Smo and Myc-SmoC413A, both of which were consistently

Fig. 2. Smo EC1 and EC2 mutants demonstrate altered subcellular
localization. (A-D)Cl8 cells expressing the indicated Smo constructs in
the presence of empty vector (Hh–) or pAc-hh (Hh+) were analyzed by
indirect immunofluorescence. Smo was detected with anti-Myc (red).
Calreticulin-GFP-KDEL (green) marks the ER.

Fig. 3. EC1 and EC2 mutants alter Hh signaling in vivo. (A-E)myc-
smo constructs were expressed in FLP-out clones, as indicated. Wing
imaginal discs from late third instar larvae were immunostained for Ci
(green), Ptc (white) or Myc-Smo (red). All images were collected at
equal gains. All discs are oriented anterior to the left, posterior to the
right, dorsal up and ventral down. Clones are indicated by arrows.
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observed at lower levels in vivo (supplementary material Fig. S3B).
Neither clonal nor ap-Gal4-induced expression of wild-type or
C413A myc-smo constructs was able to induce significant
stabilization of full-length Ci or ectopic ptc or dpp-lacZ expression
(Fig. 3A,E and supplementary material Fig. S3D,G). Conversely,
EC1 and TM3 mutants Myc-SmoC320A and C339A induced robust
ectopic pathway activity. FLP-out clones expressing either of these
mutants triggered Ci stabilization and ectopic ptc expression (Fig.
3B-D), with FLP-out clones localized to the far anterior of the wing
disc inducing wing pouch and wing blade duplications (Fig. 3B,C,
arrows and supplementary material Fig. S3A). Further, expression of
either C320A or C339A mutants under control of ap-Gal4 induced
disc over-growth and ectopic dpp-lacZ induction into the far anterior
compartment (supplementary material Fig. S3E,F). Taken together,
these results suggest that C320A and C339A mutants are capable of
a high level of Hh-independent signaling in vivo.

To determine phenotypic effects induced by EC mutants, we
examined cuticle patterning of the embryonic ectoderm and wings
of adult flies (Fig. 4 and supplementary material Fig. S4). We
expressed UAS-myc-smo transgenes in the embryo under control of
69B-Gal4 and in the developing wing under control of C765- or
MS1096-Gal4. To confirm that the presence of an amino-terminal
Myc tag would not alter Smo activity, we expressed both tagged and
untagged wild-type UAS-smo (Fig. 4B and supplementary material
Fig. S4A,B compared with Fig. 4A, control). The Myc tag did not
affect Smo signaling; both constructs resulted in a similar Hh gain-
of-function phenotype, triggering the formation of ectopic LV2-3
cross veins (supplementary material Fig. S4A,B, arrows). Myc-Smo
did not alter cuticle patterning (supplementary material Fig. S4G).
Consistent with its inability to ectopically induce Ci, ptc or dpp-lacZ,
myc-SmoC413A under control of either C765- or MS1096-Gal4
triggered only modest ectopic vein formation anterior to LV3, and
did not alter cuticle patterning (Fig. 4E and supplementary material
Fig. S4D, arrows, and S4J). Conversely, both myc-smoC320A and
myc-smoC339A induced more pronounced ectopic venation anterior
to LV3, overgrowth of the far anterior of the wing blade, and altered
denticle patterning in the embryonic cuticle (Fig. 4C,D,
supplementary material Fig. S4C, arrow, and S4H,I). Although
SmoC320A occasionally duplicated denticle type 3 (supplementary
material Fig. S4H, arrowheads), it was unable to convert denticle fate
across the denticle band. myc-smoC339A expression triggered
conversion of multiple denticles to type 2, in a manner similar to,
although not as dramatic as, that of UAS-hh (supplementary material
Fig. S4I, brackets, compared to K and L). The EC3 mutants, C513A
and C525A, both of which functioned similar to wild-type Smo in
vitro, did not induce Hh gain-of-function phenotypes when expressed
in the wing (supplementary material Fig. S4E,F). Both of these
mutants demonstrated an in vivo level of stability similar to that of
the active C320A and C339A Smo mutants (supplementary material
Fig. S3B), suggesting that high-level in vivo signaling by C320A and
C339A is not due to increased stability.

Compound loop cysteine mutants reveal an
important role for EC2
Cysteines localized to TM3 in the majority of GPCRs engage in
disulfide bonds with cysteines in EC2 (Klco et al., 2005; Moro et al.,
1999). In an attempt to determine whether this bond might exist in
Smo, and whether its loss was responsible for the observed C to A
mutant phenotypes, we mutated loop cysteines in pairs, and all three
in combination (Fig. 5). We transfected Smo double or triple mutant
expression vectors into Cl8 cells, and examined their ability to
activate the ptc-luciferase reporter construct in wild-type and smo
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knockdown backgrounds. The Myc-SmoC320A/C339A/C413A
mutant, predicted to break at least two disulfide bonds, did not rescue
knockdown of endogenous smo and appeared to function as a weak
dominant-negative protein in a wild-type smo background,
attenuating the Hh response by ~40% (Fig. 5A). Myc-
SmoC320A/C339A and Myc-SmoC320A/C413A double mutants,
both of which would be predicted to break the TM3-EC2 disulfide
bond, were able to activate baseline reporter gene expression to a
level similar to, or greater than, that of the control Hh response (Fig.
5A). By contrast, the C339A/C413A double mutant did not induce
ectopic activation of ptc-luciferase in wild-type or smo knockdown
backgrounds, but was able to rescue the Hh response in cells treated
with smo 5�UTR dsRNA (Fig. 5A), suggesting that this double
mutant behaves similarly to wild-type Smo.

To determine whether the activating double mutants induced
reporter expression by signaling through Fu and Ci, we expressed
wild-type or double mutant constructs in Cl8 cells, and examined
lysates for Myc-Smo expression and ectopic activation of
downstream components (Fig. 5B). Whereas Myc-
SmoC320A/C339A and C320A/C413A proteins were more stable
than wild-type Myc-Smo, the C339A/C413A mutant expressed
similarly to wild-type Myc-Smo, and did not alter Ci stabilization
or Fu phosphorylation (Fig. 5B, lane 5 compared with lanes 1 and
2). The SmoC320A/C339A double mutant existed in a partially
phosphorylated state in the absence of Hh, suggesting a robust level

Fig. 4. Smo EC mutants induce wing phenotypes. (A-E)myc-smo
constructs were expressed under control of C765-Gal4 at 25°C, as
indicated. Wings from adult male flies were mounted on glass slides
and imaged under equal magnification. For each cross, multiple flies
were analyzed. Representative wings are shown. Driver wing serves as
control (A).
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of activation (Fig. 5B, lane 3). Indeed, this mutant triggered
significant phosphorylation of Fu and stabilization of Ci in the
absence of Hh (Fig. 5B, lane 3). Although the Myc-
SmoC320A/C413A double mutant did not appear to be hyper
phosphorylated, it was able to trigger Ci stabilization and Fu
phosphorylation to a level near to that of the C320A/C339A double
mutant (Fig. 5B, lane 4).

As with the single C to A mutants, each of the compound C to
A mutant Myc-Smo proteins were retained in the ER (Fig. 5C). We
did observe modest PM localization of the highly active
C320A/C339A double mutant (Fig. 5C, upper right panel),
potentially explaining why it is the only activating mutant to
demonstrate higher-order phosphorylation (Fig. 5B, lane 3) (Chen
et al., 2004; Cheng et al., 2010; Molnar et al., 2007).

Given our prediction that TM3 residue C339 is engaged in a
disulfide bond with EC2 residue C413, we were surprised to find that
the two mutants possessed significantly different activities. To
determine whether an activating mutant could be generated by
targeting EC2, we deleted conserved amino acids in EC2
surrounding C413 (G411 to Y417), and tested the ability of this
EC2 construct to rescue reporter gene activation in the smo
knockdown background. Similar to what was observed with the
C339A mutant (Fig. 1B), Myc-SmoEC2 was able to induce a level
of Hh-independent reporter activation equal to that of the control Hh
response (Fig. 5D). Further, expression of this mutant in a wild-type
background induced robust Hh-independent Fu phosphorylation and
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Ci stabilization (Fig. 5E), indicative of high-level signaling. These
results suggest that conformation of EC2 is crucial for Smo
regulation. As such, we hypothesized that, if C339 and C413 do form
a bond to stabilize EC2, the differing activities of C339A and C413A
might result from activity of the remaining free cysteine.

Because C413 is predicted to localize to the central region of a
flexible loop, we speculated that it might form a disulfide bond
with an inappropriate cysteine upon mutation of its bond partner
C339. To test this hypothesis, we scanned for cysteines that, like
C339, are predicted to localize to the extracellular face of a TM
domain. We identified two residues, C432 (TM5) and C478 (TM6),
as potential ‘rogue’ bond partners for free C413 (supplementary
material Fig. S5A). We mutated each of these cysteines alone, and
in the C339A background. Myc-SmoC432A and Myc-SmoC478A
rescued reporter activity in the smo knockdown background to a
level similar to that of wild-type Myc-Smo (supplementary
material Fig. S5B), suggesting that they are not normally engaged
in requisite disulfide bonds. Whereas C432A mutation in the
C339A background did not alter signaling by C339A, mutation of
C478A in the C339A background did. The C339A/C478A mutant
demonstrated a level of activity more similar to C413A than to
C339A (supplementary material Fig. S5C compared with Fig. 1B).
As such, we speculate that C339 and C413 are normally engaged
in a disulfide bond, and that the formation of an inappropriate bond
between free C413 and C478 triggers a conformation shift that
facilitates high-level signaling following C339A mutation.

Fig. 5. C to A compound mutants reveal a pivotal role for
EC2. (A)Activating double C to A Smo mutants induce robust
reporter gene activation. myc-smo C to A double mutant
constructs were expressed in wild-type or smo knockdown
backgrounds (UTR dsRNA), as indicated, and assessed for their
ability to activate the ptc-luciferase reporter construct. Fifty ng
of the indicated pAc-myc-smo vector was used in dsRNA
rescue transfections, while 100 ng of the indicated pAc-myc-
smo vectors were used to test for dominant activity in the
wild-type smo background. Activity is shown as percent
activity relative to the control Hh response, set to 100%. All
values are normalized to a pAc-renilla transfection control.
Error bars indicate s.e.m. (B)Activating double C to A Smo
mutants signal to downstream effectors. Lysates from Cl8 cells
transfected with the indicated Myc-Smo double mutant
vectors were examined by western blot. Anti-Myc was used to
blot for Myc-Smo protein. Samples are normalized to protein
concentration. Kin serves as loading control. (C)Activating C
to A double mutants have altered subcellular localization. The
indicated loop double C to A mutant constructs were
transfected into Cl8 cells in the absence of Hh and examined
for subcellular localization by indirect immunofluorescence.
Smo (anti-Myc) is in red, Calreticulin-GFP-KDEL is green.
(D)EC2 induces robust reporter gene activity. Cl8 cells were
treated with control or smo 5�UTR dsRNA and transfected
with the indicated pAc-myc-smo expression vector. Activity is
shown as percent activity relative to the control Hh response.
Error bars indicate s.e.m. (E)EC2 signals to downstream
effectors. Lysates from Cl8 cells transfected with the indicated
pAc-myc-smo constructs were examined by western blot.
Anti-Myc was used to blot for Myc-Smo. Samples are
normalized to protein concentration. Kin serves as loading
control.
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Evidence for a TM3-EC2 disulfide bond in
mammalian Smo
To determine whether the TM3-EC2 bond might play an important
role in mammalian Smo function, we generated equivalent mutations
of the highly active C339A and EC2 Smo mutants in a murine Smo
expression vector (pCDNA-mSmo), and examined their activity in
NIH3T3 cells (Fig. 6). Whereas expression of wild type Smo
triggered a modest elevation of baseline and Shh-stimulated reporter
gene activity, expression of C318A (C339A equivalent) or EC2
mSmo proteins elevated baseline signaling to a level higher than that
of both control and wtSmo Shh responses (Fig. 6A).

We next examined subcellular localization of the C318A mutant.
Whereas wild-type mSmo localized primarily to non-ER structures,
C318A was confined entirely to the ER, demonstrating complete
co-localization with the ER marker GRP94 [Fig. 6C compared with
6B (Shen et al., 2002)]. Wild-type Smo relocalized to the primary
cilium in response to Shh (Fig. 6D). SmoC318A did not relocalize
to the primary cilium following Shh stimulation (Fig. 6D),
suggesting that, as with mutant Drosophila Smo proteins,
mammalian Smo mutants affecting the canonical TM3-EC2
disulfide bridge are highly active, despite being retained in the ER. 
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DISCUSSION
The results presented demonstrate that conserved cysteine residues
in the EC loops of Smo are necessary for proper regulation of Smo
signaling. We propose that these cysteines engage in disulfide
bonds that stabilize EC loop conformations to prevent signaling in
the absence of Hh but allow Smo to transition to a fully active state
in response to Hh.

Evidence for a disulfide bond stabilizing Smo EC2
A functional role for EC loop cysteines in GPCR regulation was
identified through biochemical and structural studies on the
prototypical GPCR rhodopsin, which revealed a TM3-EC2
disulfide bridge to be essential for regulated receptor activity
(Karnik et al., 1988; Klco et al., 2005; Palczewski et al., 2000;
Rader et al., 2004). Accordingly, subsequent studies on additional
GPCR family members support the presence and importance of this
bond (Cherezov et al., 2007; Chien et al. 2010; Cook et al., 1996;
Hoffmann et al., 1999; Moro et al., 1999; Wu et al., 2010). C5a
receptor mutagenesis revealed TM3 and EC2 cysteines to be
necessary for stabilizing its inactive conformation (Klco et al.,
2005). Based upon this work, it was suggested that a general theme
in GPCR biology is that EC2 is restrained by the TM3-EC2
disulfide bridge to drive a closed conformation (Klco et al., 2005;
Massotte and Kieffer, 2005). Loss of this bond is hypothesized to
trigger a relaxed, open conformation capable of ligand-independent
signaling (Massotte and Kieffer, 2005).

Mutation of Smo TM3 residue C339 or deletion of the central
portion of EC2 induced full reporter gene activation, Fu
phosphorylation and Ci stabilization in an Hh-independent
manner. Further, expression of C339A in vivo induced Hh gain-
of-function phenotypes, indicating a robust level of signaling.
Given the similarly high signaling by both C339A and EC2
Smo mutants, we hypothesize that the canonical GPCR TM3-
EC2 bond exists between TM3 reside C339 and EC2 residue
C413 of Smo. Why then, does the C339A Smo mutant induce
effects on pathway activity that are distinct from those of
C413A? We speculate that activities induced by loss of this bond
may be influenced by behavior of the newly free cysteine,
probably through engaging in an inappropriate disulfide bond
that alters loop conformation. As such, we hypothesize that
enhanced activity of SmoC339A results from C413 forming a
disulfide bridge with an inappropriate cysteine that triggers an
active EC2 conformation.

We favor C478 as the inappropriate C413 bond partner because:
(1) Mutation of C478 in the wild-type background does not alter
Smo signaling, suggesting that it is not engaged in an essential
disulfide bridge; (2) mutation of C478 in the C339A background
converts C339A to an activity level similar to that of C413A; (3)
C339 and C478 are approximately equidistant from C413; (4)
C413 binding to C478 would probably alter EC2 conformation,
potentially mimicking the active state. As such, reversion of
C339A/C413A back to a wild-type level of activity is explained by
loss of this new, inappropriate bond. These results underscore the
importance of EC2 in regulating Smo signaling, suggesting that its
conformation is crucial for maintaining Smo in an inactive
conformation in the absence of Hh.

In contrast to the high-level activity of C339A and EC2 Smo
mutants, the EC2 mutant C413A facilitated only partial rescue of
reporter gene activity in the smo knockdown background, and
modest effects on Ci when expressed in a wild-type background in
vitro. Accordingly, smo4D1, a C to S mutation of C413, was
previously classified as a weak loss of function allele (Nakano et al.,

Fig. 6. The TM3-EC2 bond is important for mammalian Smo.
(A)TM3-EC2 mutants are constitutively active. NIH3T3 cells were
transfected with the indicated pCDNA-mSmo construct in the presence
of pCDNA-Shh or empty vector. Relative activation of 8XGlibs-luc,
normalized to pRL-TK is shown. Assays were repeated twice in triplicate
and all data pooled. Error bars indicate s.e.m. (B-D)The TM3 C to A
mutant is retained in the ER. NIH3T3 cells were transfected with the
indicated pCDNA-mSmo expression vector in the absence (B-C) or
presence (D) of pCDNA-Shh, and examined for Smo subcellular
localization by indirect immunofluorescence. (B-C)Smo is green, GRP94
(ER marker) is red. (D)Smo is green, -tubulin (red) marks the base of
the primary cilium and DAPI (blue) marks the nucleus. Whereas wild-
type Smo enters the primary cilium in the presence of Shh, the C318A
Smo mutant does not.
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2004). When the UAS-smoC413A transgene was expressed in vivo,
it triggered only modest phenotypes in the wing, and did not affect
cell fate in the embryonic ectoderm. The decreased activity of
SmoC413A compared with that observed following mutation of its
suspected bond partner C339 might be explained by the predicted
localization of C339 to the amino-terminus of TM3. This inflexible
region may prevent C339 from scavenging a new disulfide bond
partner following C413A mutation, thereby preventing an activating
conformational shift. However, mutation of C413 does have a
functional consequence. Given its inability to fully rescue smo
knockdown in vitro or to induce Hh phenotypes in vivo, we
hypothesize that C413A mutation triggers an EC2 conformation that
is incapable of becoming fully activated by Hh. This, taken together
with the activating effects of EC2 mutation, highlights the
importance of EC2 in regulating the activation state of Smo.

Evidence for a second disulfide bond stabilizing
Smo EC1
Based upon the phenotypes of SmoC320A we propose that EC1
residue C320 is engaged in an additional disulfide bond that assists in
stabilizing the inactive conformation of Smo. This conclusion is based
upon the ability of C320A to induce moderate pathway activity in
vitro and to induce Hh gain-of-function wing phenotypes when
expressed in vivo. The presence of two disulfide bonds, one involving
C320 and one involving C339, is further supported by the additive
effect of the C320A/C339A double mutant, which demonstrated
significantly higher ligand-independent signaling than either single
mutant. Further, the C320A/C339A/C413A triple mutant triggered a
complete loss of function, potentially due to an altered conformation
resulting from loss of multiple stabilizing disulfide bonds.

Despite its higher baseline activity, Smo C320A was unable to
fully rescue Hh-induced reporter activity in the smo knockdown
background. This suggests that, similar to SmoC413A,
SmoC320A is unable to transition to a fully active state. As such,
higher-level reporter gene induction and wing phenotypes
triggered by C320A in a wild-type background probably result
from SmoC320A engaging endogenous Smo. Taken together,
these results support that, like EC2, EC1 plays an important role
in regulating Smo, probably through a conformation dependent
upon a disulfide bond involving C320. Although our study does
not reveal a bond partner for C320, we hypothesize that it may
interact with one of the numerous cysteines in the amino-
terminal cysteine-rich domain (CRD), as the CRD has been
proposed to contribute to both active and inactive states of Smo
(Aanstad et al., 2009).

Conclusion
Given the significant impact of mutation of cysteines located in the
EC loops of Drosophila and murine Smo proteins, our results
support the idea that EC1 and EC2 play crucial roles in Smo
regulation. These findings suggest that cysteine residues localized
within EC1 and EC2 are engaged in disulfide bonds that serve to
stabilize the off state of Smo in absence of Hh and to allow for
transition to the active state in the presence of Hh. Although
conformation of disulfide bond pairs awaits formal structural
studies, cell biological and genetic analyses support that the EC
loops of Smo are indispensable for its function.
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