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Hedgehog regulates smoothened activity
by inducing a conformational switch
Yun Zhao1*, Chao Tong1*{ & Jin Jiang1,2

Hedgehog (HH)morphogen is essential for metazoan development. The seven-transmembrane protein smoothened (SMO)
transduces the HH signal across the plasmamembrane, but how SMO is activated remains poorly understood. In Drosophila
melanogaster, HH induces phosphorylation at multiple Ser/Thr residues in the SMO carboxy-terminal cytoplasmic tail,
leading to its cell surface accumulation and activation. Here we provide evidence that phosphorylation activates SMO by
inducing a conformational switch. This occurs by antagonizing multiple Arg clusters in the SMO cytoplasmic tail. The Arg
clusters inhibit SMO by blocking its cell surface expression and keeping it in an inactive conformation that is maintained by
intramolecular electrostatic interactions. HH-induced phosphorylation disrupts the interaction, and induces a conformational
switch and dimerization of SMO cytoplasmic tails, which is essential for pathway activation. Increasing the number of
mutations in the Arg clusters progressively activates SMO. Hence, by employing multiple Arg clusters as inhibitory elements
counteracted by differential phosphorylation, SMO acts as a rheostat to translate graded HH signals into distinct responses.

The HHmorphogen controls many key development processes, with
different thresholds specifying distinct outcomes1–4. In Drosophila
wing discs, HH proteins secreted by posterior (P) compartment cells
move into the anterior (A) compartment to form a local concentra-
tion gradient5,6. Low levels of HH suffice to induce the expression of
decapentaplegic (dpp), whereas high levels are required to induce
patched (ptc) and engrailed (en) (Supplementary Fig. 1)7–9.

The reception system for HH consists of a twelve-transmembrane
protein, PTC, as the HH receptor and a seven-transmembrane pro-
tein smoothened (SMO) as the signal transducer10–13. In Drosophila,
HH binding to PTC abrogates its inhibition on SMO and induces
extensive phosphorylation of the SMO cytoplasmic tail by protein
kinase A (PKA) and casein kinase I (CKI), leading to SMO cell surface
accumulation and activation14–17. How phosphorylation promotes
SMO cell surface accumulation is not understood. In addition, phos-
phorylation may regulate SMO activity through mechanism(s) other
than controlling its cell surface abundance.

Regulation of SMO by multiple Arg clusters

Our previous study indicates that phosphorylation may regulate
SMO cell surface abundance by either preventing its endocytosis
and/or promoting its recycling15. To investigate further how SMO
cell surface expression is regulated, we generated a set of C-terminally
truncated SMO variants and examined their subcellular localization
using a cell-based assay (Fig. 1). Deletion up to amino acid 818 did
not significantly change SMO subcellular distribution; however, fur-
ther deletions resulted in progressively increased cell surface expres-
sion (Fig. 1a, c), implying that multiple negative regulatory elements
exist between amino acids 661–818.

SMODC710 exhibits consistently higher cell surface expression
than SMODC730 (Fig. 1c), indicating that amino acids 710–730
may harbour a negative element(s). Ala-scan mutagenesis, which
substituted multiple residues to Ala, identified the Arg residues in
RRTQRRR as critical for preventing SMO cell surface accumulation
(Fig. 1b, c; data not shown). Interestingly, multiple Arg clusters,

arbitrarily named R1 to R4, are located between amino acids 661–
818, a region critical for blocking SMO cell surface accumulation
(Fig. 1d). We therefore introduced into the full-length SMO Arg to
Ala (RA) mutations in individual, or combinations of, Arg clusters.
SMO variants with one Arg cluster mutated did not exhibit signifi-
cant change in their cell surface expression; however,mutating two or
more Arg clusters caused a gradual increase in SMO cell surface
expression (Fig. 1d–f; data not shown), suggesting that multiple
Arg clusters cooperate to restrict SMO cell surface accumulation.

To determine whether the Arg clusters negatively regulate SMO
activity, SMO variants with one or more mutated Arg clusters were
expressed in wing discs using theMS1096 Gal4 driver. SMO variants
with one mutated Arg cluster exhibited low levels of basal activity
similar to that of wild-type SMO, as is evident from the ectopic
expression of dpp but not ptc and en (Fig. 2a–c). However, SMO
variants with two or more mutated Arg clusters exhibited a progres-
sive increase in their constitutive signalling activities (Fig. 2d–i).
Thus, SMO activity is inversely correlated with the number of func-
tional Arg clusters. We also mutated several Arg clusters in the mem-
brane-proximal region of the SMO cytoplasmic tail and observed no
effect on SMO cell surface expression and activity (Supplementary
Fig. 2). Hence, the Arg clusters between amino acids 661–818 are
specifically involved in SMO autoinhibition.

Phosphorylation counteracts the Arg motifs

Increasing the number of phosphorylation-mimetic mutations in
PKA/CKI sites resulted in a graded increase in SMO cell surface level
and activity15, which phenocopies the effect of increasing the number
of RAmutations, indicating that phosphorylation may activate SMO
by antagonizing the Arg motifs. Consistently, an internal deletion
that removes both the phosphorylation andArg clusters (SMOD661–
818) results in high levels of SMO cell surface expression and activity
(Figs 1a, c and 2j).

It is intriguing that the Arg clusters are situated adjacent to the
PKA/CKI phosphorylation clusters (Fig. 1d). In fact, R1, R2 and R4
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are part of the PKA phosphorylation consensus site, R/KRXS. The
juxtaposition of the Arg and phosphorylation clusters may allow
precise control of SMO activity because phosphorylation at

individual clusters may only neutralize the negative influence of
adjacent Arg clusters. To test this, we constructed SMORA12D3
and found it behaved like SMORA124 (Fig. 1d, e; compare Fig. 2l
with 2h), suggesting that phosphorylation at S3 (Fig. 1d) neutralizes
the negative effect of R4.

Because Arg carries positive charge whereas phosphorylation
brings in negative charge, phosphorylation may antagonize the Arg
clusters by neutralizing their positive charges. In support of this
model, we found that R3 and R4 can be functionally substituted by
Lys, because SMORA12K34 behaved like SMORA12 rather than
SMORA1234 (Fig. 1d, e, 2k). Furthermore, SMOEDS, which has
three PKA/CKI phosphorylation clusters replaced by a stretch of
acidic amino acids (Fig. 1d), exhibited high levels of cell surface
expression and signalling activity similar to the phosphorylation-
mimetic SMO variant, SMOSD123 (Fig. 1d, e, 2m; ref. 15), suggest-
ing that the exact sequence composition of the phosphorylation
clusters is not critical, but rather the negative charges they carry are
important.

HH induces increased proximity of SMO cytoplasmic tails

Although SMO activity correlates with its cell surface levels, HH may
induce SMOactivation through additionalmechanism(s) such as dimer-
ization and/or conformational change18,19. To test these possibilities,
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Figure 1 | Regulation of SMO cell surface expression by multiple Arg
clusters. a, SMO deletion mutants with CFP (not shown) fused to their
C termini. Filled boxes indicate the transmembrane domains. b, Ala-scan
mutagenesis of SMODC730 with the last 20 amino acids and corresponding
substitutions shown underneath. c, e, Cell surface expression of the indicated
SMOmutants. S2 cells were transfected with the indicated CFP-tagged SMO
constructs, followed by immunostaining with anti-SMON antibody before
membrane permeabilization15. The SMON column indicates cell surface
staining, whereas the CFP column indicates the total protein distribution.
SMOD730RA and SMOD730TA behaved like SMOD710 and SMOD730,
respectively (data not shown). d, A schematic drawing of a full-length SMO
with the sequences of the four Arg clusters (R1–R4) and three
phosphorylation clusters (S1–S3) shown underneath. SMO variants with the
indicated substitutions are listed. f, Ratio of cell surface level (SMON signal)
to total level (CFP signal) of protein forwild-type and indicatedmutant forms
of SMO. For SMO variants, n5 20; error bars, 1 s.d.
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Figure 2 | In vivo activities of SMO variants. a–n, Wing discs expressing the
indicated SMO variants fromMS1096 were immunostained to show the
expression of dpp-lacZ (dppZ), ptc-lacZ (ptcZ) and EN. dppZ, ptcZ and en are
induced by low, intermediate andhigh levels ofHH, respectively. The levels of
SMO activity inversely correlate with the number of intact Arg clusters
(b–i). An internal deletion removing amino acids 661–818 resulted in high
levels of constitutive SMO activity (j). SMORA12K34 (k) has similar activity
to SMORA12 (compare to d). SMORA12D3 (l) exhibited constitutive activity
similar to that of SMORA124 (h). m, Substitution of the three PKA/CKI
phosphorylation clusters with acidic clusters led to high constitutive activity
similar to that of SMOSD123 (ref. 15). n, SMOAN1234 (see Fig. 4a) did not
exhibit higher basal activity than SMOWT (compare to a).
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we employed fluorescence resonance energy transfer (FRET) analysis,
which measures the transfer of energy between yellow fluorescent
protein (YFP) and cyan fluorescent protein (CFP) as a function of
distance20. We initially constructed two pairs of tagged SMO with
CFP/YFP either fused to the C terminus (SMO–CFPC/SMO–YFPC)
or inserted at an amino-terminal position (SMO–CFPN/SMO–YFPN)
of SMO(Fig. 3a, b; Supplementary Fig. 3). As controls, we constructed
CFP/YFP-tagged forms of frizzled 2 (FZ2) and RAB5.

Consistent with a previous finding that FZ family members form
constitutive dimers/oligomers21, we observed high FRET between
FZ2–CFPC/FZ2–YFPC (17.36 1.9%) or FZ2–CFPN/FZ2–YFPN

(12.66 1.1%) in S2 cells (Fig. 3c, d). Under similar conditions,
FRET between SMO–CFPN/SMO–YFPN (referred to as FRETN)
was 14.16 1.4% (Fig. 3c), whereas FRET between SMO–CFPC/
SMO–YFPC (FRETC) was 5.76 1.3% (Fig. 3d). HH stimulation sig-
nificantly increased FRETC to 21.76 1.5% (Fig. 3d), but only mod-
estly increased FRETN (Fig. 3c). FRET between control pairs (SMO/
FZ2 or SMO/RAB5) was#1.0% (Fig. 3c, d). In addition, CFP- and
YFP-tagged SMO colocalized whereas SMO–CFP barely overlapped

with FZ2–YFP (Supplementary Fig. 4). Even in S2 cells stimulated
with HH, in which SMO accumulated on the cell surface and over-
lapped with FZ2, FRET between SMO/FZ2 remained low (Fig. 3c, d,
and Supplementary Fig. 4). Furthermore, over fourfold changes in
SMO signal intensity did not significantly affect FRETC (Supplemen-
tary Fig. 5).

In wing discs, FRETN was high in both A and P compartments
regardless of HH (Fig. 3e), whereas FRETC in A-compartment cells
distant from the A/P boundary was relatively low but increased
significantly in P-compartment cells and in A-compartment cells
exposed to HH or lacking PTC (Fig. 3f; Supplementary Figs 6–7a).
The high basal FRETN suggests that SMO forms a constitutive
dimer/oligomer (dimer is used hereafter for simplicity), as is the case
for the FZ family. Constitutive SMO dimerization was confirmed by
immunoprecipitation assays (Supplementary Figs 8 and 9). SMO
dimerization is likely to be mediated by SMON, which includes
the N-terminal extracellular domain and transmembrane helices,
because SMON–CFPN and SMON–YFPN colocalized and produced
high basal FRET (Fig. 3c).
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Figure 3 | Regulation of both conformation and proximity of SMO
cytoplasmic tails. a, b, j, Cartoons of SMO–CFPN/SMO–YFPN

(a), SMO–CFPC/SMO–YFPC (b), and SMO–CFPL3YFPC dimers (j). The
filledandopencircles indicateCFPandYFP, respectively. c,d,g–i,k,m, FRET
efficiency (y axis and numbers below bars) from the indicated CFP/YFP-
tagged constructs in S2 cells treated with or without HH-conditioned
medium, and with or without PKA inhibitor H89 or GSK3 inhibitor LiCl
(mean6 s.d., n$ 10). SMOSA has three PKA sites mutated to Ala, whereas
SMOSD1, SMOSD12 and SMOSD have PKA and CKI sites in one, two and
three phosphorylation clusters converted to Asp, respectively (c, g, k; ref.
15). SMON lacks a cytoplasmic tail (c). RA1, RA12, RA123 and RA1234 have
one, two, three and four Arg clusters mutated to Ala, respectively (i, m; see

Fig. 1d). AN1234 has four C-terminal acidic clusters mutated to Ala (m; see
Fig. 4a). HH increased FRETC between SMO–CFPC/SMO–YFPC (d) and
decreased FRETL3C from SMO–CFPL3YFPC (k), both of which were blocked
by the SA mutations (g) or H89 but not by LiCl (h, k). Phospho-mimetic or
RA mutations progressively increased basal FRETC (g, i) whereas they
gradually decreased FRETL3C (k, m). e, f, l, FRET efficiency between
SMO–CFPN/SMO–YFPN (e), SMO–CFPC/SMO–YFPC (f), or from
SMO–CFPL3YFPC (l) expressed in wing discs (mean6 s.d., n$ 5). A,
A-compartment cells away from the A/P boundary; P, P-compartment cells;
A/P, A-compartment cells adjacent to the A/P boundary; A1HH,
A-compartment cells expressing UAS-HH.
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The low basal but high HH-induced FRETC suggests that the
two SMO cytoplasmic tails within a dimer are separated from each
other but HH signalling increases their proximity. To investigate
whether increased proximity is accompanied by a conformational
change, we generated a doubly tagged SMO (SMO–CFPL3YFPC) with
CFP inserted into the third intracellular loop (L3) and YFP fused to
the C terminus (Fig. 3j; Supplementary Fig. 3). SMO–CFPL3YFPC

responded to HH and possessed signalling activity (Supplementary
Figs 10, 11). In S2 cells, basal FRET from SMO–CFPL3YFPC (referred
to as FRETL3C) was 12.96 1.2% but dropped to 4.36 0.8% after HH
treatment (Fig. 3k; Supplementary Fig. 11). In wing discs, FRETL3C

was 24.36 2.1% in A-compartment cells distant from the A/P
boundary, but dropped to 6.56 1.5% in A-compartment cells near
the A/P boundary or to 7.36 1.6% in P-compartment cells (Fig. 3l;
Supplementary Fig. 12). FRETL3C also reduced to 5.96 1.2% in
A-compartment ptc mutant clones (Supplementary Fig. 7b). The
high basal FRETL3C is probably due to close proximity between the
C terminus and L3 of the same SMO molecule (Supplementary Fig.
13). These results suggest that SMO adopts a closed inactive con-
formation with its C terminus in close proximity to L3, in quiescent
cells. HH promotes SMO to adopt an open active conformation
in which its C terminus moves away from L3 but closer to the
C terminus of its binding partner.

Phosphorylation regulates SMO conformation

To determine if conformational change and increased proximity of
SMO cytoplasmic tails is regulated by phosphorylation, we mutated
three PKA sites (Ser 667, Ser 687 and Ser 740) to Ala (SA) or sub-
stituted them and adjacent CKI sites with Asp (SD123 or SD for
simplicity)15. The HH-induced increase in FRETC or decrease in
FRETL3C was blocked by the SA mutation as well as a PKA inhibitor
H89 (Fig. 3g, h, k), whereas the SD123 substitution resulted in high
basal FRETC but low basal FRETL3C (Fig. 3g, k). In contrast, neither
the basal nor the HH-induced FRETN was significantly affected by
the SA or SD123 mutation (Fig. 3c), suggesting that constitutive
SMO dimerization is not regulated by phosphorylation, but confor-
mational change and increased proximity of SMO cytoplasmic tails
are triggered by phosphorylation.Mutatingmultiple Arg clusters also
resulted in high basal FRETC but low basal FRETL3C (Fig. 3i, m),
suggesting that the Argmotifs keep SMO cytoplasmic tails in a closed
inactive conformation.

To assess direct physical interaction between SMO cytoplasmic
tails and its regulation by phosphorylation, we applied the CytoTrap
yeast two-hybrid assay (Methods Summary). Wild-type SMO cyto-
plasmic tail (SMOCWT) failed to self-associate, whereas phospho-
mimetic SMO cytoplasmic tail (SMOCSD) could self-associate and
also interact weakly with SMOWT (Supplementary Fig. 14), indi-
cating that phosphorylation of the SMO cytoplasmic tail may pro-
mote self-association.

Our previous study suggests that graded SMO activities are gov-
erned by SMO phosphorylation levels15. To determine if increasing
SMO phosphorylation could induce gradual changes in SMO con-
formation, we compared FRETC and FRETL3C for several phosphor-
ylation-mimetic forms of SMO. SMOSD1, SMOSD12 and SMOSD

contain Ser to Asp substitution in one, two and three phosphor-
ylation clusters, respectively, and exhibit progressively higher levels
of basal activity15. Interestingly, they also exhibited a progressive
increase in basal FRETC (Fig. 3g) and gradual decrease in basal
FRETL3C (Fig. 3k). Furthermore, FRETC progressively increased,
whereas FRETL3C gradually decreased, when increasingly more Arg
clusters were mutated (Fig. 3i, m). Thus, increasing SMO phosphor-
ylation seems to induce progressive changes in SMO conformation
by antagonizing the Arg clusters. SMO may adopt a series of
conformational states determined by its phosphorylation levels.
Alternatively, SMO may switch in equilibrium between two distinct
conformational states: a closed inactive conformation and an open

active conformation; phosphorylation increases the probability for
individual SMO to adopt the open active conformation.

Arg clusters mediate intramolecular interaction

To determine how Arg clusters keep SMO in a closed inactive
conformation, we tested the possibility that they might be involved
in intramolecular interactions. A glutathione S-transferase (GST)
fusion protein (GST–SMO656–755) that contains the SMO region
between amino acids 656–755 (referred to hereafter as SAID for SMO
auto-inhibitory domain) was tested for interaction with a set of
C-terminal fragments, and a minimal SAID interacting fragment
(NT860) was identified that contains the C-terminal region between
amino acids 860–1035 (Supplementary Fig. 15). SAID–NT860 inter-
action was diminished by PKA/CKI phosphorylation as well as RA or
SD123 mutations (Fig. 4b, c), and the binding affinity gradually
decreased with more phosphorylation or Arg clusters mutated
(Fig. 4d). The importance of Arg clusters in the SAID–NT860 inter-
action indicates that the associationmay be mediated by electrostatic
interactions. Indeed, mutating several acidic clusters in the
C-terminal half of NT860 gradually diminished the SAID–NT860
interaction (Fig. 4a, e).

The electrostatic interaction between NT860 and SAID may result
in a folding back of the SMO cytoplasmic tail to form a closed con-
formation (Fig. 4f). Consistently, mutating the acidic clusters
(SMOAN1234) resulted in decreased basal FRETL3C (Fig. 3m).
However, unlike RA mutations, which not only caused conforma-
tional change but also promoted SMO cell surface accumulation,
SMOAN1234 exhibited little if any cell surface expression and did
not exhibit high levels of constitutive activity (Fig. 2n), indicating
that both cell surface accumulation and conformational change may
be critical for SMO activity.

Clustering of the SMO cytoplasmic tail activates the HH pathway

To assess the biological significance of SMO dimerization, we ana-
lysed two SMO mutants with point mutations in the N-terminal
extracellular domain: SMO1A3 is encoded by a hypomorphic allele
such that Cys 90 is substituted to Ser; and SMOF11 is encoded by a
strong allele that changes Cys 155 to Tyr (ref. 22). Both mutations
reduced basal as well as HH-induced FRETN and FRETC, with
SMOF11 exhibiting more severe defects (Supplementary Fig. 16).
Immunoprecipitation assays indicated that SMO1A3 and SMOF11

failed to dimerize with SMOWT (Supplementary Fig. 17a). Unlike
SMOWT, neither SMO1A3 nor SMOF11 was phosphorylated in res-
ponse to HH (Supplementary Fig. 17b). In addition, both SMO1A3

and SMOF11 lost HH-induced activity (Fig. 5a).
If loss of SMO activity was due to compromised dimerization,

restoring dimerization to thesemutants should rescue their activities.
To test this, we developed an inducible dimerization system by taking
advantage of the observation that the mammalian receptor tyrosine
kinase EphB2 forms a hetero-tetramer with its ligand ephrin B2 (EB2;
also known as Efnb2) to trigger bidirectional signalling23. Accord-
ingly, we constructed EB2–SMO chimaeric proteins in which the
extracellular domain of EB2 was inserted into the SMO N-terminal
extracellular domain (Supplementary Fig. 3). When expressed in cl-8
cells, EB2–SMO1A3 and EB2–SMOF11 failed to be activated by HH-
conditioned medium; however, they were activated when cells were
exposed to the soluble pre-clustered EphB2 extracellular domain,
EphB2-Fc (Fig. 5a). In addition, FRETC between mutant pairs of
EB2–SMO–CFPC/EB2–SMO–YFPC increased significantly in res-
ponse to EphB2-Fc but not HH (Fig. 5b).

To determine if dimerization of the SMO cytoplasmic tail suffices
to activate the HH pathway, we constructed EB2–SMO cytoplasmic-
tail chimaeric proteins in which the intracellular domain of EB2
was replaced by the wild-type (EB2–SMOCWT), phosphorylation-
deficient (EB2–SMOCSA), or phosphorylation-mimetic (EB2–
SMOCSD) SMO cytoplasmic tail (Fig. 5e, and Supplementary Fig.
3). In both cl-8 cells and wing discs, EB2–SMOCWT exhibited low
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basal activity but was markedly stimulated by EphB2 (Fig. 5c, f).
Furthermore, EB2–SMOCWT activated the HH pathway indepen-
dent of endogenous SMO (Supplementary Fig. 18). EB2–SMOCWT

also induced FU phosphorylation in response to EphB2-Fc (Supple-
mentary Fig. 19a). In addition, FRET between EB2–SMOCWT–CFPC/
EB2–SMOCWT–YFPC increased significantly in response to EphB2-
Fc (Fig. 5d).

EB2–SMOCSA did not significantly activate any HH target genes
even after clustering byEphB2 (Fig. 5c, f). PKA-sitemutationmay lock
the cytoplasmic tails in a closed inactive conformation that prevents
their association. Consistent with this model, FRET between EB2–
SMOCSA–CFPC/EB2–SMOCSA–YFPC remained low after EphB2-Fc
treatment (Fig. 5d). EphB2-Fc treatment induced phosphorylation
of EB2–SMOC, which was abolished by the SA mutation and H89
(Supplementary Fig. 19b), suggesting that EphB2/EB2-induced clus-
tering of SMO cytoplasmic tails promoted their phosphorylation and
close proximity, leading to HH pathway activation.

EB2–SMOCSD exhibited high basal activity, yet its activity was
further enhanced by EphB2 (Fig. 5c, f). In addition, FRET between
EB2–SMOCSD–CFPC/EB2–SMOCSD–YFPC increased after EphB2-
Fc treatment (Fig. 5d). Thus, even though ‘phosphorylated’ SMO
cytoplasmic tails may adopt an open conformation that allows them
to interact more avidly, as suggested by their high basal FRETC

(Fig. 5d), EphB2/EB2-induced clustering further increased their
proximity, leading to enhanced pathway activation. These results
further underscore the importance of close proximity between
SMO cytoplasmic tails for pathway activation.

Regulation of mammalian SMO

In response to SHH and PTC inactivation, mammalian SMO (Smo)
translocates to primary cilia, which is thought to trigger pathway
activation24–26. To determine if SHH may also regulate Smo

conformation, we constructed C- or N-terminally CFP/YFP-tagged
Smo or a doubly tagged Smo with CFP inserted into the second
intracellular loop (L2) and YFP fused to the C terminus (Supple-
mentary Fig. 20a). All tagged forms exhibited activities similar to that
of the untagged wild-type form (Supplementary Fig. 20b). Like
Drosophila SMO, Smo also exhibited high basal FRETN and low basal
FRETC; however, SHH as well as an oncogenic mutation (A1)27

induced significant increases in FRETC (Supplementary Fig. 20c, d).
In addition, both SHH and the A1 mutation reduced FRET from
Smo–CFPL2YFPC (FRETL2C; Supplementary Fig. 20e), indicating
that Smomay also exist as a constitutive dimer and that SHH induces
a conformational change, leading to increased proximity of Smo
cytoplasmic tails. Interestingly, induced clustering of full-length
Smo through the ephrin B2/EphB2 system also triggered pathway
activation; however, unlikeDrosophila SMO, clustering of Smo cyto-
plasmic tails failed to activate the pathway (Supplementary Fig. 21).
It is possible that other intracellular domains such as L3 may be
essential for inducing the active conformation of Smo and/or recruit-
ing the intracellular signalling complex because point mutations in
L3 inactivate Smo28.

Vertebrate SMO proteins contain multiple conserved clusters of
basic residues in their cytoplasmic tails, including a long stretch of
Arg/Lys residues in the central region (Supplementary Fig. 22a).
Interestingly, mutating this long stretch of Arg/Lys residues to Ala
resulted in constitutive activity of Smo, increased FRETC and
decreased FRETL2C (Supplementary Fig. 22b–e), indicating that
Smo may employ an Arg/Lys cluster to regulate its conformation
and activity.

Discussion

The prevalent view regarding SMO regulation is that SMO is acti-
vated as a result of subcellular compartmentation14,15,24–26,29. Here we
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provide substantial evidence that SMO activity is also regulated by a
conformational switch. In particular, we identified an autoinhibitory
domain (SAID) in the Drosophila SMO cytoplasmic tail, containing
multiple Arg clusters that keep SMO in a closed inactive conforma-
tion through intracellular electrostatic interaction (Fig. 4f). HH-
induced phosphorylation disrupts such interaction and triggers a
conformational switch and increased proximity of SMO cytoplas-
mic tails, which may further promote recruitment and interaction
of intracellular signalling complexes30–33. Our results also indicate
that the Arg clusters may promote endocytosis and degradation of
SMO, whereas multiple phosphorylation events neutralize the nega-
tive effect of the Arg clusters either by inhibiting endocytosis and/or
promoting recycling of SMO.

A striking feature of the SAID domain is that it contains multiple
regulatory modules each of which consists of an Arg cluster linked to

a phosphorylation cluster. The pairing of positive and negative reg-
ulatory elements may offer precise regulation, because phosphoryla-
tion at a given cluster may only neutralize adjacent negative
element(s), leading to an incremental change in SMO activity. We
propose that increasing phosphorylation gradually neutralizes the
negative effect of multiple Arg clusters, leading to a progressive
increase in SMO cell surface expression and activity (Supplemen-
tary Fig. 23). Thus, by employing multiple Arg clusters as inhibitory
elements that are counteracted by differential phosphorylation,
SMO acts as a rheostat to translate graded HH signals into distinct
responses.

METHODS SUMMARY

smo3 and ptcIIW are strong alleles of smo and ptc, respectively (http://flybase.

bio.indiana.edu/). MS1096, ptc-Gal4, dpp-lacZ, UAS-smo–CFPC/UAS-smo–

YFPC and their mutant derivatives have been described15. Drosophila smo and

mouse Smo constructs were generated using the pUAST and pGE vectors,

respectively. Amino acid substitutions were generated using PCR-based muta-

genesis. Fly transformants were generated by standard P-element mediated

transformation. Multiple independent transgenic lines were tested for activity.

Immunostaining was carried out as described34. S2 and cl-8 cells were cultured as

described35,36. Treatment of transfected cells with HHN-conditioned medium

and ptc-luc reporter assays were carried out as described32. Cell surface staining

was carried out as described15. NIH-3T3 cells were cultured in DMEMmedium.

Mammalian reporter assays were performed essentially as described27. For GST

pull-down assays, S2 cell lysates or reticulocytes with in vitro translated 35S-

labelled proteins were incubated with GST fusion proteins absorbed on glu-

tathione beads. Proteins bound to the beads were separated on SDS–PAGE,

followed by western blot or autoradiography. Immunoprecipitation andwestern

blot analysis were carried out using standard protocols. Yeast two-hybrid assays

were carried out using Stratagene’s CytoTrap system according to the manufac-

turer’s instructions. For FRET analysis, a Zeiss LSM510 confocalmicroscope was

used. CFP was excited at 458 nm wavelength and the emission was collected

through a BP 480–520 nm filter. YFP was excited at 514 nm wavelength and

the emission was collected through a BP 535–590 nm filter. CFP signal was

obtained once before (BP) and once after (AP) photobleaching YFP using the

full power of the 514 nm laser line for 1–2min at the top half of each cell or

selected disc area, leaving the bottom as an internal control. The intensity

change of CFP was analysed using the Metamorph software (Universal

Imaging). The efficiency of FRET was calculated using the formula: FRET%5

[(CFPAP2CFPBP)/CFPAP]3 100.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Constructs and transgenes. SMO C-terminal deletion constructs were gener-

ated by PCR amplification of the corresponding coding sequences, followed by

subcloning into a pUAST vector containingCFP coding sequence so that the CFP

was fused to the C terminus of each SMO deletion mutant. For Ala-scan muta-

genesis and F11, 1A3, RA, SA and SDmutations, substitutions were generated by

PCR-based site-directed mutagenesis. For UAS-Smo–CFPL3YFPC, the CFP cod-

ing sequence was inserted between SMO amino acids 451–452, and YFP was

fused to the C terminus. To construct mutant forms of SMO–CFPC/YFPC or

SMO–CFPL3YFPC, the corresponding mutant sequences were swapped by using
a unique SpeI site in the seventh transmembrane domain. To construct wild-type

or mutant forms of SMO–CFPN/YFPN, CFP/YFP was inserted in frame into a

unique SfiI site near the N-terminal region. To construct EB2–SMOC chimae-

rical proteins, the intracellular domain of EB2 was replaced by wild-type or

mutant forms of the SMOcytoplasmic tail (amino acids 556–1035). To construct

EB2–SMOWT, EB2–SMOF11 and EB2–SMOA11, the extracellular domain of EB2

was fused to SMO sequence encoding amino acids 33–1035. EphB2Z contains a

full-length EphB2 fused to b-galactosidase to facilitate oligomerization37. To

generate GST–SMO fusion constructs, smo complementary DNA fragments

encoding amino acids 656–755with wild-type sequence or pointmutations were

amplified by PCR and inserted between NotI and EcoRI sites in the pGEX4T-2

vector. To generate Flag-tagged SMO C-terminal fragments such as SMO-

NT860, the corresponding cDNA fragments were amplified by PCR and sub-

cloned to a pUAST-Flag vector. To construct Smo–CFPC/YFPC, CFP/YFP was

fused in frame to the SmoC terminus. To construct Smo–CFPN/YFPN, CFP/YFP

was inserted in frame after amino acid 31. To construct Smo–CFPL2YFPC, the

CFP coding sequence was inserted between Smo residues 355 and 356, and YFP

was fused in frame to the C terminus. For EB2–Smo, the extracellular domain of
EB2 was fused N-terminally to the full-length Smo. For EB2–SmoC, the intra-

cellular domain of EB2 was replaced by the Smo cytoplasmic tail (amino acids

544–793). Multiple independent transgenic lines were tested for each construct.

MS1096, ptc-gal4, dpp-lacZ, UAS-smo–CFPC/YFPC and their mutant derivative

have been described15.

Cell culture, immunoprecipitation, GST pull-down, western blot, immuno-
staining and luciferase reporter assay. S2 and cl-8 cells were cultured as

described35,36. Transfection was carried out using the Calcium Phosphate

Transfection Kit (Speciality Media). HH-condition medium treatment was car-

ried out as described32. Immunoprecipitation and western blot analysis were

carried out using standard protocols. For cell surface staining, transfected cells

were fixed with 4% paraformaldehyde and incubated with primary antibody in

PBS for 30min at room temperature, followed by incubation with secondary

antibody in PBT. For GST pull-down assays, GST fusion proteins absorbed on

glutathione beads were washed three times with ice-cold PBS containing 1%

NP40. Cell lysates from S2 cells expressing tagged SMOC-terminal fragments or

reticulocytes with in vitro translated 35S-labelled SMO C-terminal fragments

were then added and the mixtures were incubated at 4 uC for 1 h with occasional

mixing. Proteins bound to the beads were washed five times with PBS plus 1%

NP40 before separation on SDS–PAGE, followed by western blot or autoradio-

graphy. For EphB2-Fc treatment, EphB2-Fc chimaera (R&D Systems) and goat

anti-human IgG Fc (Jackson Immunoresearch Labs) were mixed for 4 h at 4 uC
before being added into cultured cells. NIH-3T3 cells were cultured in DMEM

containing 10% bovine calf serum and antibiotics penicillin/streptomycin at 5%

CO2 in a humidified incubator. Transfection of NIH-3T3 cells was carried out

using FuGENE6 (Roche). Briefly, after transfection for 2 days, cell culture

medium was changed to DMEM with 0.5% bovine calf serum with or without

recombinant mouse SHHN (R&D Systems). Mammalian reporter assays were

performed essentially as described27. Immunostaining of imaginal discs was

carried out as described34. Antibodies used in this study were: rabbit anti-bGal
(Cappel), mouse anti-PTC (from I. Guerrero), mouse anti-EN (DSHB), rabbit

and mouse anti-Flag (Sigma), mouse anti-SMON (DSHB) and mouse anti-Myc

(Santa Cruz).

FRET analysis using confocal microscopy. For FRET analysis of cultured cells,

CFP- and YFP-tagged constructs were transfected into S2 cells together with an

ub-Gal4 expression vector15. Transfected cells were treated with or without HH-

conditioned medium. For maximal HH signalling strength, a UAS-HH expres-

sion construct was also included in the transfection32. Cells were washed with

PBS, fixed with 4% formaldehyde for 20min, and mounted on slides in 80%

glycerol. For FRET analysis of wing discs, smo transgenes were expressed with

MS1096 (for analysis of A- or P-compartment cells) or ptc-Gal4 (for analysis of

A-compartment cells near the A/P boundary). Late third instar wing discs were

fixedwith 4% formaldehyde andmounted on slides in 80%glycerol. Fluorescence

signals were acquired with the3100 objective of a Zeiss LSM510 confocal micro-

scope. Each data set was based on 10–15 individual cells. In each cell, four to five

regions of interest in photobleached area were selected for analysis.

Yeast two-hybrid assay. The prey and bait plasmids were constructed using the

C-terminal fragment of SMO (amino acids 641–1035).
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