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Hedgehog signaling specifies tissue patterning and renewal, and
pathway components are commonly mutated in certain malignan-
cies. Although central to ensuring appropriate pathway activity in
all Hedgehog-responsive cells, how the transporter-like receptor
Patched1 regulates the seven-transmembrane protein Smooth-
ened remains mysterious, partially due to limitations in existing
tools and experimental systems. Here we employ direct, real-time,
biochemical and physiology-based approaches to monitor Smooth-
ened activity in cellular and in vitro contexts. Patched1-Smooth-
ened coupling is rapid, dynamic, and can be recapitulated without
cilium-specific proteins or lipids. By reconstituting purified Smooth-
ened in vitro, we show that cholesterol within the bilayer is suffi-
cient for constitutive Smoothened activation. Cholesterol effects
occur independently of the lipid-binding Smoothened extracellular
domain, a region that is dispensable for Patched1-Smoothened cou-
pling. Finally, we show that Patched1 specifically requires extracellu-
lar Na* to regulate Smoothened in our assays, raising the possibility
that a Na* gradient provides the energy source for Patched1 catalytic
activity. Our work suggests a hypothesis wherein Patched1, chem-
iosmotically driven by the transmembrane Na™ gradient common to
metazoans, regulates Smoothened by shielding its heptahelical do-
main from cholesterol, or by providing an inhibitor that overrides
this cholesterol activation.
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he Hedgehog (Hh) signaling pathway is a fundamental reg-

ulator of embryonic tissue patterning and of postnatal tissue
renewal and regeneration (1-5). Loss of Hh pathway activity
during development thus gives rise to birth defects, whereas
dysregulated pathway activity can directly drive the growth of
several malignancies, including basal cell carcinoma, the most
common form of skin cancer (6). Hh pathway activity also in-
directly restrains growth of certain endodermally derived cancers
by causing stromal expression of secreted factors that promote
differentiation of epithelial tumor cells (7-12).

The mechanism of Hh response is unusual among signaling
cascades for its partitioning of ligand reception and intracellular
signal transmission between two distinct multipass transmem-
brane proteins. Binding of Hh to the transporter-like protein
Patchedl (Ptchl) thus releases its constitutive inhibition of the
seven-transmembrane (7TM) protein Smoothened (Smo) to ini-
tiate coupling to Gli transcription factors within the vertebrate
primary cilium (2, 3, 13, 14). Ptch1-Smo regulation plays a
central role in ensuring appropriate pathway activity in all Hh-
responsive cells, and errors in this process instigate the majority
of Hh pathway-driven cancers. However, the molecular mecha-
nism by which Ptchl communicates with Smo has remained
mysterious. A leading model proposes that Ptch1 is an ion-driven
transporter that regulates availability of an endogenous lipidic
Smo ligand (15). Because Ptchl and Smo traffic through the
primary cilium, it has been speculated that such an endogenous
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Smo ligand might be highly enriched within the ciliary membrane
where Hh pathway regulation takes place (3). This model is
based in part on shared sequence homology between Ptchl and
prokaryotic resistance-nodulation-division (RND) transporters
that export substrates using a transmembrane chemiosmotic
gradient, most commonly a proton-motive force (16). Direct
empirical support for these claims, however, is lacking. Indeed,
Ptchl has not been demonstrated to possess intrinsic transport
activity, nor does a strong proton gradient exist across metazoan
plasma membranes. Thus, the energy source for Ptchl activity
has not been experimentally defined, hindering efforts to eval-
uate whether the transporter-based model for Ptchl function
is correct.

Furthermore, the identity, subcellular distribution, and mode of
action for the endogenous Ptchl-regulated Smo ligand remain un-
resolved (13, 17). However, among all classes of cellular lipids,
sterols have emerged as particularly attractive candidates for me-
diating Ptch1-Smo communication. Several vertebrate Ptch1-related
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proteins are functionally linked to sterols, including Niemann-
Pick C1 (NPC1), a factor required for egress of LDL-derived
cholesterol from lysosomes (18), and Dispatched, which helps
to release the cholesterol-modified Hh ligand from Hh-producing
cells (19, 20). Hh pathway activity is also highly sensitive to ge-
netic or pharmacological blockade of cholesterol metabolism
(21), an effect that maps downstream of Ptchl and at or upstream
of Smo. Supplying exogenous cholesterol to sterol-depleted cells
reverses the resulting pathway inhibition (22-24). Furthermore,
elevating cellular cholesterol to supraphysiologic levels can over-
come Ptchl inhibitory effects to promote Smo activity, as well
as enhance the ability of Hh to derepress Ptchl (23, 25). These
findings raise the possibility that the endogenous Smo ligand
might be cholesterol or one of its derivatives, and that Ptchl
might regulate Smo activity by controlling this sterol’s availabil-
ity. Nevertheless, several fundamental questions remain unan-
swered. (i) Is Smo activity regulated by cholesterol itself or rather
by one of its many metabolic products (such as oxysterols, bile
acids, or steroid hormones), all of which are affected by the
treatments described above? (ii) Does this sterol act directly on
Smo or does it instead target an as yet unidentified pathway
component between Ptchl and Smo? (i) Is cholesterol merely a
cofactor required for efficient Smo activation by another lipid, or
is cholesterol sufficient to activate Smo in its own right? (iv) If
cholesterol is a Smo ligand, where on Smo is its site of action?

These remaining gaps in our understanding are difficult to
resolve by the traditional approaches for measuring Hh pathway
activity. Ptchl and Smo function are typically evaluated using
downstream transcriptional readouts or alterations in the ciliary
accumulation of pathway components. Such indirect methods
measure long-term consequences of changes in Ptchl and Smo
activity in ciliated cells, rendering them unsuitable for experi-
mental manipulations that might disrupt ciliary trafficking or
cause toxicity over an extended period. For example, alteration
of cellular ion gradients fundamentally perturbs cellular physi-
ology and may exert untoward effects on ciliary trafficking that
would confound interpretation of these conventional down-
stream readouts. A rapid, direct assay of Ptch1 or Smo functional
state might circumvent these issues, but such an approach has
not been applied to study Ptchl ionic requirements. Similarly,
the outstanding questions regarding cholesterol regulation of
Smo are difficult to address in the complex, biochemically un-
defined environment of a living cell, where as yet unidentified
sterols or proteins may contribute to Ptch1-Smo communication.
Biochemical reconstitution, on the other hand, might rise to this
challenge by enabling a stringent definition of the proteins, lip-
ids, and other cellular factors that suffice to recapitulate Smo
regulation in vitro. Unfortunately, existing methods to measure
vertebrate Smo activity are indirect and require intact cells with
primary cilia. This presents major obstacles for in vitro studies
because it is currently not possible to reconstitute ciliary traf-
ficking in cell-free settings. Thus, because conventional Hh
pathway assays are long-term and indirect, Ptch1-Smo regula-
tion has remained largely inaccessible.

In the present study, we investigate Smo regulation by de-
veloping a set of rapid, robust, and direct Smo activity sensors for
cell-based and in vitro studies. We use these assays to re-
capitulate Ptchl effects on Smo outside the cilium, demon-
strating that the underlying process is unexpectedly dynamic and
can proceed in the absence of any cilium-specific proteins or
metabolites. We also find that cholesterol is both necessary and
sufficient for constitutive activation of purified Smo recon-
stituted in a defined lipid environment. This activation occurs
independently of recently described interactions of cholesterol
with the Smo cysteine-rich domain (CRD) (23, 26, 27), an ex-
tracellular region that we show is not required for Ptch1-Smo
communication. Finally, we show that depletion of extracellular
Na* rapidly and reversibly extinguishes the effects of Ptchl on
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Smo. This suggests that Ptchl might use transmembrane Na*
gradients to power its catalytic cycle and provides evidence that
Ptchl may indeed function as a bona fide ion-driven transporter.
Based on these data, we hypothesize that Ptchl harnesses the
energy stored in transmembrane Na*t gradients to either shield
the Smo 7TM domain from cholesterol’s activating influence or
provide an inhibitory factor that can block Smo even when
cholesterol is present. Our study highlights the power of direct
conformational sensors in simplified experimental systems to
provide insights into Ptchl and Smo regulation that lie beyond
the reach of existing Hh pathway functional assays.

Results

A Cilium-Independent Smo Conformational Biosensor Based on G
Protein Coupling. The cilium might provide a “privileged envi-
ronment” for Ptchl-Smo regulation by harboring specialized
protein and lipid factors that are required for this process. Al-
ternatively, Ptch1-Smo regulation might proceed in the cilium,
but the underlying mechanism might use factors that are dis-
tributed more ubiquitously throughout the cell, and the ciliary
environment may be required mainly for downstream coupling to
Gli transcription factors (Fig. S14). One way to distinguish be-
tween these models is to test whether Ptch1-Smo regulation can
be recapitulated in a nonciliary location. To this end, we designed a
direct Smo conformational assay that takes advantage of Smo’s
ability to couple to heterotrimeric G proteins in certain biological
settings (28-31). G protein-based assays are ideal in this regard
because activated 7TM proteins stimulate downstream coupling by
directly binding a G protein heterotrimer, whose conformation
changes almost instantaneously without the need for additional
cellular components. While it remains controversial whether Smo
employs G proteins to relay its “canonical” signal to Gli tran-
scription factors (17, 32), we reasoned that G protein coupling
could nevertheless provide a useful direct readout for Smo con-
formational state (Fig. S1B), allowing us to measure Smo regula-
tion independently of ciliary trafficking.

We measured Smo G protein coupling using GloSensor (33), a
firefly luciferase variant that emits light only in the presence of
cAMP (Fig. 14). We used HEK293 cells for these studies, as
they contain minimal primary cilia (34) and are not transcrip-
tionally responsive to Hh; this minimizes any potentially con-
founding influences of manipulating cCAMP on Gli repressor
formation (17) in our experiments. To further ensure that our
measurements do not depend on a ciliary pool of Smo, we made
use of a direct fusion of a C-terminally truncated Smo to the
inhibitory G protein Ga, (Smo-Gua,), thereby eliminating the
cytoplasmic sequences required for Smo ciliary localization (35).
We transfected the GloSensor cDNA into HEK293 cells, loaded
the cells with a luciferase substrate, and raised cellular cAMP
levels using the adenylyl cyclase (AC) agonist forskolin, leading
rapidly to a large induction of luminescence (Fig. 1B). If Smo is
able to couple to the fused inhibitory Ga, protein, we would
expect Smo activity to reduce cAMP levels, leading to a decline
in GloSensor luminescence. Indeed, cotransfection of Smo-Ga,
with GloSensor decreased forskolin-induced luminescence, con-
sistent with Smo-Ga,, inhibition of AC (Fig. 1B). When we
cotransfected Ptchl and Smo-Ga, together with GloSensor, lu-
minescence was restored to high levels, showing that Ptchl inhibits
Smo G protein coupling (Fig. 1B and Fig. S24). Brief pre-
treatment (10 min) of Ptchl-expressing cells with the recombinant
N-terminal fragment of Sonic hedgehog (ShhN) abolished the
effect of Ptchl on Smo-Ga, (Fig. 1B), confirming that our assay
detects physiological changes in Ptchl and Smo activity states.

Our control experiments confirmed that Ptchl inhibition is
specific to Smo (Fig. S2B), ruling out artifactual effects of
Ptchl on 7TM protein function in general. Although we used the
Smo-Guo,, fusion in our cell-based experiments for consistency
with the in vitro measurements described below, we observed
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Fig. 1. A live-cell assay shows rapid, cilium-independent Ptch1 regulation of
Smo. (A) Schematic diagram of the GloSensor cAMP assay. Smo couples to
endogenous (or fused) inhibitory Ga proteins, which block forskolin-induced
AC activity, thereby reducing cAMP. Increased Smo activity is therefore
reflected as a decrease in luminescence. (B) Live-cell luminescence traces
from HEK293 cells transfected with the indicated plasmids. Baseline lumi-
nescence was recorded for 10 min at 2-min intervals, followed by forskolin
treatment and continued monitoring. For ShhN treatment, ShhN was added
10 min before measurement of baseline and forskolin-induced lumines-
cence; ShhN remained present at 200 nM for the entire experiment. (C) Bar
graph shows steady state luminescence for HEK293 cells transfected with
GloSensor, Smo, and Ptch1 expression plasmids. Cells were preincubated for
10 min with ShhN or SAG21k as indicated in B.

similar results in the GloSensor assay with non-Go,-fused Smo,
which couples to endogenous pertussis toxin-sensitive G proteins
(Fig. 2C). Apart from the influence of Ptchl, Smo activity in
Gli transcriptional assays is modulated by a host of exogenous
small molecules, including KAAD-cyclopamine, SANT-1, and
SAG21k. We found that these molecules all affect Smo G pro-
tein coupling (Fig. 1C and Fig. S2C), indicating that the active
and inactive conformations sampled by Smo in both Gli and G
protein assays are closely related. Thus, cell-based G protein-
coupling assays accurately recapitulate coupled Ptchl and Smo
activity with a fast, membrane-proximal real-time readout, even
in cell lines such as HEK293 that are poorly ciliated and unable
to mount an efficient Gli transcriptional response to Hh. In-
terestingly, the effects of Smo antagonists are augmented in the
presence of Ptchl in the GloSensor assay (Fig. S2C), whereas
such a synergy is usually not seen in Gli-dependent luciferase
assays; we further explore this phenomenon in the next section.

The ability of Ptchl to regulate C-terminally truncated ver-
sions of Smo in HEK293 cells suggests that the underlying pro-
cess does not require a specialized ciliary environment. To more
explicitly test this idea, we asked whether restoring ciliary lo-
calization signals to our C-terminally truncated Smo altered its
ability to couple to G proteins. Both versions of Smo affected
GloSensor luminescence to similar extents, further illustrating
that ciliary localization signals do not affect Ptch1-Smo regula-
tion in this assay (Fig. 24).

Our rapid Smo activity sensor shows that Ptchl can fully shift
Smo conformation in a matter of minutes. This measure of the
underlying conformational mechanism is faster and more direct
than even the earliest known cilium-dependent pathway readout,
namely the accumulation of Smo in primary cilia (36, 37). Upon
pathway activation, Smo ciliary accumulation requires several
hours to reach a steady state, likely because the alterations in
Smo ciliary trafficking triggered by the initial changes in Smo
conformation involve one or more rate-limiting steps. Because it
measures Smo conformation independently of ciliary trafficking,
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our sensor now provides an opportunity to study the kinetics of
Ptchl action by comparing the effects of a direct Smo agonist to
Hh-mediated loss of Ptchl inhibition. We found that acute ad-
dition of ShhN to cells coexpressing Ptchl and Smo activates G
proteins on a similar time scale as SAG21k (Fig. 2B), indicating
that the Ptchl affects Smo conformation in a fast, nonrate-
limiting manner. From these data, we calculated a ¢,, for Smo-
mediated G protein coupling (the time required for half-maximal
inhibition of cAMP to baseline levels, defined by Smo in the
absence of Ptchl) as 3.97 min for ShhN and 2.63 min for
SAG21k. As predicted, this is markedly faster than Smo ciliary
accumulation (t;, = ~2 h) (see ref. 36), a more indirect metric
for activity-dependent changes in Smo conformation.

In summary, our rapid cell-based G protein-coupling assay not
only faithfully recapitulates the major findings from conventional
cell-based transcriptional assays, but also demonstrates that Smo
can attain a constitutively active state outside the cilium, likely
within the plasma membrane. Thus, even though Ptchl regulates
Smo within the cilium, the underlying mechanism uses factors
that are not restricted to this compartment. Furthermore,
Ptch1 and Smo change conformation on a time scale significantly
faster than is evident from traditional Hh pathway readouts.

Cholesterol Is Necessary and Sufficient for Constitutive Smo Activation
in Vitro. Our preceding experiments establish that G protein cou-
pling serves as a robust measure of Smo activity that accurately
recapitulates its fundamental pharmacological properties, pro-
viding snapshots of the active and inactive Smo conformational
states that are likely involved in physiological coupling to Gli
transcription factors. Unlike conventional Hh pathway functional
readouts, however, G protein coupling has the distinct advantage
that it can be easily measured in vitro. We capitalized on this
property, developing cell-free and reconstituted preparations to
study how membrane cholesterol and other factors influence
Smo activity.

We began our in vitro studies by constructing and characterizing
an optimized assay for in vitro Smo G protein coupling. We
adapted a previously described approach (30) using the Smo-Ga,,
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Fig. 2. Ptch1-mediated regulation of Smo conformation is fast, nonrate-limiting,
and occurs independently of Smo ciliary trafficking. (4, Top) Ptch1 blocked the
activity of full-length Smo [Smo (FL)] and the cytotail-deleted form (Smo) to similar
degrees in the GloSensor assay. (Bottom) A topology diagram of the two Smo
expression constructs; the cytoplasmic tail required for transcriptional coupling and
ciliary trafficking is indicated in orange. (B) To demonstrate the rapid onset of ShhN
or SAG21k effects, cells expressing GloSensor, Smo, and Ptch1 were stimulated with
forskolin, and ShhN or SAG21k (vs. a vehicle control) were then added as indicated
by the gray bar. (C) Overnight pretreatment with PTX (100 ng/mL) prevents Smo
from inhibiting GloSensor luminescence.
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fusion, which dramatically increases the efficiency of in vitro
measurements compared with nonfused G proteins (38). The fused
G protein thus serves as a tethered biosensor that reports on Smo
activation state via its nucleotide-exchange capacity, measured
as binding of radiolabeled nonhydrolyzable GTP (**S-GTPyS)
(Fig. 34). In membrane fractions derived from transfected
HEK?293 cells, Smo-Ga, displays a large constitutive activity that is
blocked by brief treatment with the Smo inverse agonist KAAD-
cyclopamine and is modestly stimulated by the Smo agonist
SAG21k (Fig. 3B), each in a dose-dependent fashion (Fig. 3 C
and D). A panel of established small-molecule Smo ligands (39)
revealed an excellent correlation between assays of G protein
coupling and transcriptional regulation (Fig. S34). Therefore, as
with the GloSensor readout, our in vitro pharmacological mea-
surements indicate that the active and inactive conformations
sampled by Smo in Gli- and G protein-dependent assays are
closely related. Consistent with this idea, a Smo—G protein fusion
including the full-length cytotail (SmoFL-Ga,) was able to
stimulate Gli-dependent transcription (unlike the C-terminally
truncated Smo-Ga,), yet exhibited comparable basal activity
and small molecule modulation as Smo-Ga, in the G protein-
coupling assay (Fig. S3 B and C).
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Fig. 3. An in vitro assay for Smo conformational state reflects modulation
by exogenous small molecules and membrane cholesterol. (A) Diagram of
the in vitro Smo-Ga, assay, in which Smo activity promotes GDP dissociation
and nucleotide exchange, measured as binding of nonhydrolyzable 3°s-
GTPyS. (B) Membranes were prepared from HEK293 cells transfected with
plasmids encoding GFP or Smo-Gu,, and incubated with the Smo inverse
agonist KAAD-cyclopamine (KAAD-cyc, 300 nM), the Smo agonist SAG21k
(50 nM), or a DMSO control, followed by 3*S-GTPyS binding and scintillation
counting. Data were normalized to maximum SAG21k-stimulated binding.
(C and D) Concentration-response relationships for KAAD-cyclopamine and
SAG21k in the 3*S-GTPyS binding assay, revealing a KAAD-cyclopamine ICsq
of 9.99 + 0.36 nM and a SAG21k ECsg of 16.53 + 1.45 nM, in reasonable
agreement with previously published values. Note that D was conducted at
high [GDP] (300 pM) to expand the window between basal and SAG21k-
induced activity (Materials and Methods).
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Curiously, Smo agonists and antagonists displayed weak ef-
fects in our in vitro system unless we supplemented the assay
buffers with high (10-100 pM) GDP (Fig. S4), which shifts the
sensitivity of the G protein into a range that permits efficient
responses to Smo conformational changes. This difference pro-
vides a plausible explanation for the submaximal effects of Smo
antagonists and their synergy with Ptchl in the GloSensor assay.
As GDP levels cannot be effectively altered in cells, the small-
molecule effects are similar to in vitro results with low GDP (Fig.
S4), but can be augmented with Ptchl, which shifts the Smo
equilibrium analogously to high GDP levels. In any case, our in
vitro assay recapitulates Smo constitutive activity seen in live
cells (Fig. 1) and accurately reflects its sensitivity to small-
molecule modulators.

Having characterized our in vitro Smo conformational sensor,
we next used this tool to study how cellular lipids, particularly
sterols, affect Smo activity. Indeed, several lines of evidence
suggest that the endogenous Ptchl-regulated Smo ligand might
be cholesterol or one of its derivatives, but the precise roles of
cholesterol in Hh pathway regulation remain undefined. For
example, cyclodextrin-mediated depletion of cellular sterols in-
hibits Smo in a manner reversed by addition of exogenous cho-
lesterol, but the mechanism underlying these effects is unclear
(21-25, 40). This is because intact cells harbor elaborate sterol
biosynthetic machinery that can rapidly transform cholesterol
into a host of metabolic products under physiological conditions
(41, 42), making it difficult to discriminate using cell-based ap-
proaches between roles for cholesterol itself versus one of its
many metabolites. In contrast, because extensively washed
membranes cannot support sterol metabolic reactions (43, 44),
our in vitro Smo functional assay (Fig. 34) is ideal for dis-
tinguishing these possibilities. Indeed, we found that acute
(20 min) cyclodextrin extraction of membranes blocked binding
of GTPyS to our tethered Smo biosensor (Fig. 44). This effect
was reversed by replenishing the sterol-depleted membranes with
cholesterol, mirroring the effects of these treatments on Smo
activity in cells (21, 22, 40). Our data therefore indicate that Smo
sensitivity to sterol depletion in vivo derives from a requirement
for cholesterol itself, and not a cholesterol metabolite. As cho-
lesterol is by far the most-abundant sterol in metazoan plasma
membranes (cholesterol:phospholipid ratio = 50%) (45), our in
vitro results argue that cholesterol will likely play a similar role in
determining Smo activity in cells (21, 22, 24, 40).

The above experiments demonstrate that Smo activity requires
cholesterol, and raise several possibilities for its mechanism of
action. Cholesterol might function as a permissive factor that
promotes Smo activity stimulated by an endogenous ligand,
similar to a wide array of canonical ligand-activated G protein-
coupled receptors (GPCRs) (46). Alternatively, cholesterol
alone might suffice to activate Smo. To more directly examine
the role of cholesterol in Smo activation, we assayed Smo con-
formation in a precisely controlled membrane lipid environment.
We purified Smo-Ga,, in monodisperse form (Fig. S5) and
reconstituted it into apolipoprotein nanodiscs (47, 48) using one
of two defined lipid mixtures. When we performed our nanodisc
reconstitution using phospholipids alone, Smo-Ga, was devoid
of constitutive activity and only weakly stimulated by the agonist
purmorphamine (Fig. 4B). In contrast, when we included cho-
lesterol (at 8 mol%) during nanodisc assembly, constitutive and
agonist-induced activity increased dramatically (Fig. 4B), mir-
roring our results from cell-derived membranes (Figs. 3B and
44). These data indicate that cholesterol is not just necessary,
but also sufficient to induce constitutive Smo activity, with no
requirement for additional proteins and lipids.

Cholesterol effects in nanodiscs may derive from a direct in-
teraction between cholesterol and Smo. Several papers (23, 25,
27) have reported that cholesterol can interact with the extra-
cellular Smo N-terminal CRD, and recent in vivo labeling studies
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Fig. 4. Smo reconstitution reveals that cholesterol and phospholipids are suf-
ficient for constitutive activity. (A) Membranes from cells expressing Smo-Go,
were depleted of endogenous sterols using methyl-B-cyclodextrin (MBCD) or
incubated with buffer alone as a control (ctrl). Sterol-depleted membranes were
subsequently incubated with a cholesterol-MBCD complex (chol) or a buffer
control (), then processed for GTPyS binding. Data were normalized to the
amount of Smo constitutive GTPyS binding under control (nonsterol-depleted)
conditions. (B) Diagram of the Smo-Gu, fusion (green) reconstituted into
nanodiscs with a membrane scaffold protein (MSP1D1, blue) and defined lipids
(pink). Nanodiscs were formed from purified Smo-Ga, or SMoACRD-Ga,
(a form lacking the CRD) in combination with synthetic phospholipids alone, or
a mixture of phospholipids and 8 mol% cholesterol. Each nanodisc preparation
was stimulated with purmorphamine, KAAD-cyc, or a vehicle control, followed
by measurement of GTPyS binding. The dashed line represents the baseline
level of G protein coupling in this assay, as defined by treatment with KAAD-
cyc (a full inverse antagonist). (C) Membranes derived from HEK293-cells
transfected with Smo-Go, or SmMoACRD-Ga,, were stripped of endogenous
cholesterol with MBCD and replenished with a cholesterol-MBCD complex as in
A. For each data point, the cholesterol concentration in the assay buffer was
derived by assuming a 10:1 ratio of cyclodextrin to cholesterol in our satu-
rated cholesterol-MBCD complexes, as defined by previous measurements
(67). Data are normalized to GTPyS binding stimulated by the maximal dose
of cholesterol-MpCD for each construct. Curve-fitting with the Hill equa-
tion revealed ECsos of 15.55 + 0.83 pM and 31.39 + 1.73 pM for wild-type
and CRD-deleted Smo, respectively.

(26) suggested that cholesterol might become covalently at-
tached to the CRD under some circumstances. We found,
however, that CRD-deleted Smo also depends on cholesterol for
constitutive activity in nanodiscs (Fig. 4B). Furthermore, cho-
lesterol activates Smo over a nearly identical concentration range
both in the presence or absence of its CRD (Fig. 4C). We ob-
served similar results with a CRD point mutant (D99A Y134F,
hereafter referred to as DAYF) that cannot bind an alkynyl
cholesterol derivative in vitro (Fig. S6) (27; see also ref. 26).
Finally, by testing a variety of sterols for their ability to rescue Smo
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GTPyS binding in cyclodextrin-depleted membranes, we noted
a distinct structure—activity relationship from that previously de-
scribed for CRD-sterol interactions (Fig. 54); 22(S)-OHC fully
rescues the effect of sterol depletion in our assay but does not bind
the CRD (49), whereas 20(S)-hydroxycholesterol [20(S)-OHC],
which binds the CRD, is less efficient. Furthermore, the effects
of sterols in these experiments are strikingly similar for both wild-
type and CRD-deleted Smo (compare Fig. 5 A and B), illustrating
that the CRD is not required. Taken together, these data indicate
that cholesterol can affect Smo activity via its heptahelical bundle.
How cholesterol affects the Smo 7TM domain is unclear, but one
possibility is that it might engage a specific binding site outside the
“cyclopamine pocket” (22, 40).

Ptch1 Can Regulate Smo Independently of any CRD-Cholesterol
Interactions. Cholesterol exerts at least two distinct effects on
Smo activity, one through the CRD and the other through the
7TM domain (as highlighted by our in vitro studies described
above), but the key outstanding question is whether Ptch1 inhibits
Smo by altering either of these modes of cholesterol interaction.
Several recent studies have provided new data in this regard.
Luchetti et al. (25) show that an experimentally induced increase
in cellular cholesterol, via loading of cholesterol-cyclodextrin
complexes into cholesterol-replete fibroblasts, elicits activation of
wild-type Smo but not the DAYF mutant (see also ref. 26). Be-
cause Smo DAYF also shows reduced activation of Gli tran-
scription in response to loss of Ptchl, it is tempting to speculate
that Ptchl inhibits Smo by somehow operating directly on cho-
lesterol bound to its CRD (Fig. S74, model 1). Such a model,
however, conflicts with the finding that transfected Ptchl can
suppress the activity of a CRD-deleted Smo mutant (22), implying
that Ptchl can regulate Smo independently of the CRD. These
seemingly disparate results might be reconciled if CRD binding to
cholesterol instead functions to stabilize the constitutively active
Smo conformation attained upon loss of Ptchl inhibition. In this
scenario, Ptch1l does not block Smo by altering CRD-cholesterol
binding, but rather acts at a site elsewhere on Smo, while
CRD-cholesterol interactions serve an auxiliary role by stabi-
lizing an active Smo conformation (Fig. S74, model 2).
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Fig. 5. Cholesterol derivatives show a similar structure-activity relationship
on wild-type and CRD-deleted Smo in G protein coupling assays. Membranes
from HEK293 cells transfected with (A) wild-type or (B) CRD-deleted Smo-
G, fusions were depleted of endogenous sterols, and then treated with the
indicated sterols (in complex with cyclodextrin) as in Fig. 4. Values were
normalized to the level of rescue produced by the sterol biosynthesis in-
termediate desmosterol (which consistently gave slightly higher values of
GTPyS binding than cholesterol).
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We devised an experiment to distinguish these two models.
We combined the DAYF mutation with SmoA1l, a 7TM domain
mutation that constitutively activates Smo independently of the
CRD (15), thereby bypassing the need for any CRD-mediated
stabilization of the Smo active state, while still permitting re-
pression by exogenous, transfected Ptchl (15, 22, 50, 51). If Ptchl
operates directly on a CRD-cholesterol interaction (model 1),
Ptchl transfection should not repress SmoA1-DAYF. In con-
trast, if the site of Ptchl action lies outside the CRD, exogenous
Ptch1 should block the activity of SmoA1-DAYF (model 2). We
found using a Gli transcriptional reporter assay that the consti-
tutive activity of SmoA1-DAYF was dramatically suppressed by
Ptchl transfection (Fig. 64). This effect closely resembled the
action of endogenous Ptchl on wild-type Smo, as the resulting
inhibition was fully reversed by treatment with ShhN (Fig. 64)
in a dose-dependent manner (Fig. 6B). These data indicate that
the actions of transfected Ptchl on Smo in our assays are re-
flective of true Ptchl functionality rather than nonspecific con-
sequences of protein overexpression. All of the above results are
difficult to reconcile with direct action of Ptchl via the Smo
CRD (model 1), but are readily explained by action of Ptchl via
the Smo 7TM domain, with a critical stabilizing role for the CRD
(model 2).

Whereas the experiments presented above involved over-
expression of Ptchl along with a compound SmoA1l mutant, we
also observed that endogenous Ptchl can regulate Smo DAYF
even without the activating SmoA1l mutation (Fig. S7B; see also
figure 3F in ref. 27); as predicted, the maximal extent of Hh-
induced activity is less than its wild-type counterpart because the
mutations compromise the CRD’s ability to stabilize active Smo.
In contrast, Smo DAYF is completely insensitive to the oxysterol
20(S)-OHC (Fig. S7B), confirming that these mutations disrupt
CRD-sterol binding and providing further evidence that Ptchl
effects are separable from CRD-lipid interactions. We also note
that whereas wild-type Smo and the DAYF mutant are activated
to similar extents by the 7TM agonist SAG (Fig. S7B) (see also
refs. 25 and 27), this finding does not rule out model 2 because
SAG does not require the CRD to stabilize an active Smo con-
formation. Finally, Ptchl was able to repress SmoACRD (Fig.
6C) and Smo DAYF (Fig. S7C) in our GloSensor assay, consis-
tent with transcriptional data presented here and in our previous
study (22).

We conclude from these experiments that Ptchl is capable of
acting outside of the Smo CRD, likely within the 7TM domain at a
site that remains to be mapped. One reason that other studies may
not have reached these conclusions is that the Ptch1 responsiveness
of CRD-mutated Smo alleles becomes particularly obvious after
manipulating Ptchl levels over a broad range (graphically sum-
marized in Fig. 6D). This is only possible by introducing exogenous
Ptchl via transfection as in the present study (see also refs. 22 and
51), whereas other investigations (23, 25, 27) have sampled a rel-
atively narrow range of Ptchl activity by relying exclusively on
endogenous Ptchl protein, which is expressed at low levels.

Ptch1 Regulation of Smo G Protein Coupling Depends on Extracellular
Na*. Smo constitutive activity in our GloSensor experiments is
dramatically reduced when Ptchl is cotransfected (Fig. 1). In
contrast, we failed to observe any Ptchl-mediated reduction
in Smo GTPyS binding in membrane fractions (Fig. S84) or
detergent-permeabilized cells (Fig. S8B). This result suggests that
Ptchl activity is not recapitulated in these preparations, and must
somehow be lost during the process of cell disruption. The lack of
Ptchl activity following cell breakage might reflect, for example,
requirements for intact cellular structure, diffusible cytoplasmic
factors, or transmembrane ion gradients in Ptchl function. In this
regard, it is noteworthy that Ptchl is predicted to function as a
transmembrane transporter based on its homology to prokaryotic
H™ gradient-driven RND small-molecule efflux pumps (15). In fact,
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Fig. 6. Ptch1 can inhibit Smo in the absence of CRD-cholesterol binding.
(A) Smo™ mouse embryonic fibroblasts (MEFs) were transfected with the in-
dicated Smo and Ptch1 expression constructs along with an 8xGli-luciferase re-
porter, and stimulated with control (black) or ShhN (green) conditioned medium.
Relative luciferase units (RLU) are plotted as a fold-increase over the baseline
value, defined as reporter activity from the negative control transfection (no
Smo). (B) A similar experiment, in which cells transfected with wild-type Smo
(red) or SmoA1 D99A Y134F (SmoA1 DAYF) + Ptch1 (blue) were stimulated with
increasing concentrations of ShhN conditioned medium. (C) SmoACRD is con-
stitutively active and suppressible by Ptch1. Suppression is evident when Ptch1 is
coexpressed according to standard conditions (Materials and Methods), and
becomes even more obvious when increasing amounts of Ptch1 ¢cDNA are
transfected. The standard 10-min ShhN pretreatment fully reverses the effects of
Ptch1 coexpression on both wild-type and CRD-deleted Smo, even at the highest
amounts of Ptch1 cDNA transfected. The observed suppression of SmoACRD is
therefore truly dependent on Ptch1 activity and not simply an artifact of protein
overexpression in this assay. (D) Simulation of the functional behavior of wild-
type and various CRD-mutated forms of Smo, taking into account observations
from Gli transcriptional assays in this and several other studies (22, 27, 68). Smo
activity is represented on the y axis, while Ptch1 activity (blocked by binding of
Hh) is on the x axis. The possible ranges of Ptch1 activity encompassed by en-
dogenous vs. transfected Ptch are indicated below the x axis.

a recent crystal structure of NPC1 (52), a putative cholesterol
transporter and the closest vertebrate Ptchl relative, reveals that the
overall fold and the positions of key amino acids mediating trans-
membrane H* transfer in prokaryotic RNDs (53, 54) are highly
conserved (Fig. 74). Neutralizing the analogous Ptchl residues
(D499N, D500N, E1081Q, hereafter referred to as NNQ) (Fig. 7B)
inactivates Ptch1 in transcriptional (Fig. 7C) and G protein-coupling
assays (Fig. 7D). These findings are consistent with previous reports
implying that Ptchl, like its bacterial counterparts, is powered by an
ion gradient (15). But while bacterial RNDs rely primarily on a
large H* gradient between cytoplasm and periplasm (16, 55), no
such pH difference exists across the plasma membrane of most
metazoan cells. Thus, the energy source for Ptchl activity is still
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Fig. 7. Ptch1 activity depends on conserved residues that mediate intra-

membrane ion flux in bacterial RNDs. (A) Top-down views of the prototypical
bacterial RND AcrB (green, PDB ID code 2DHH) and NPC1 (blue, PDB ID code
5U73), with conserved charged residues in TM4 and TM10 highlighted in red.
(B) Sequence alignment of transmembrane helices 4 and 10 of several RND
family proteins. ecAcrB, Escherichia coli AcrB; mmNpc1, Mus musculus (mouse)
NPC1; mmPtch1, Mus musculus (mouse) Ptch1; ttSecDF, Thermus thermophiles
secDF; vaSecD1, Vibrio alginolyticus secD-1; vaSecF1, Vibrio alginolyticus secF-1.
SecD/F in certain organisms, including E. coli and V. alginolyticus, is a hetero-
dimer composed of D + F, with each subunit corresponding to either the first
or last six-transmembrane helices of the RND family. Asterisks indicate key
residues for ion flux, with those neutralized by the Ptch1 “NNQ"” mutation
colored green. The activity of different Ptch1 constructs was tested in a Gli-
luciferase transcriptional reporter assay in Ptch1™~ cells (C) or the GloSensor
assay in HEK293 cells (D). In both assays, wild-type Ptch1 suppressed Smo ac-
tivity and the suppression was reversed by addition of ShhN or SAG21k,
while the NNQ mutation diminished Ptch1 activity.

unclear, and any active-transport-based models for Ptchl function
remain largely speculative.

We hypothesized that a different ion might drive Ptchl enzymatic
activity. One of the most fundamental chemiosmotic differences
across animal cell membranes is low Na*/high K* inside and high
Na*/low K* outside the cell (56). We asked whether Ptchl is
inactivated when these gradients are eliminated by bathing cells
acutely in a low Na*/high K* solution, such that extracellular ionic
strength is maintained but Na* is low and K* is high on both sides
of the cell membrane. Initially, we attempted to measure loss of
Ptch1 activity via a conventional Smo activity assay, namely accu-
mulation of endogenous Smo in primary cilia (36, 37). We reasoned
that disrupting the Ptchl energy source should induce Smo ciliary
accumulation, similar to that observed by treating cells with either
Shh or the Smo agonist SAG21k. Instead, the low Na*/high K*
solution abolished SAG21k-induced Smo accumulation (Fig. S9).
Because SAG21k binds Smo directly, thereby acting downstream of
the Ptch1-Smo regulatory step, our results indicate that alterations
in Na* and K* concentrations nonspecifically inhibit Smo ciliary
accumulation during these experiments. Indeed, disrupting Na* and
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K" gradients likely exerts a multitude of pleiotropic effects on cel-
lular metabolism and physiology, any of which could interrupt the
complex, multicomponent ciliary trafficking process (14).

To circumvent this issue, we attempted to assess the effect of
manipulating Na* and K* concentrations on Ptch1 in the rapid,
membrane-proximal GloSensor assay. Remarkably, we found
that changing the extracellular bath to a low Na*/high K* solu-
tion reversed Ptchl-mediated Smo inhibition within minutes
(Fig. 84). Conversely, Ptchl inhibition was briskly restored upon
switching from a low Na*/high K* bath to a physiological high
Na*/low K* bath (Fig. 8B and Fig. S104). Thus, Ptch1 regulation
of Smo requires normal extracellular Na* and K" concentra-
tions. In similar experiments, we found that replacement of Na*
with Li* in the bath also eliminated Ptch1 inhibitory effects (Fig.
S10B). We observed little or no effect of changing the ionic
composition of the bath in cells expressing Smo alone (Smo
suppression of GloSensor activity remained), in cells expressing
GloSensor alone, or in cells expressing the muscarinic acetyl-
choline receptor, a control GPCR that also affects cCAMP levels
(Fig. 8C). These control experiments (Fig. 8) also indicate that
the GloSensor readout remains robust when transmembrane ion
gradients are acutely manipulated, in marked contrast to the
Smo ciliary accumulation assay (Fig. S9). A low Na*/high K*
extracellular solution will affect both transmembrane Na* and
K* gradients as well as depolarize the plasma membrane (56)
(cytoplasm typically —30 to —60 mV with respect to extracellular
space, largely set by the K equilibrium potential). Substituting
Na™ with the organic cation N-methyl-p-glucamine (NMDG™),
which maintains transmembrane K" gradients and perturbs mem-
brane potential only minimally (57), also inactivated Ptchl (Fig.
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Fig. 8. A role for extracellular Na* in Ptch1-Smo regulation. (A) HEK293
cells were transfected with GloSensor + the indicated plasmids and stimu-
lated with forskolin in physiological saline (Na*). The bath was replaced at
the indicated time with a low Na*/high K* buffer (K*), in which all Na*™ was
replaced by K*, and vice versa. A control buffer replacement maintained
physiological Na*-based saline for the entire experiment. (B) Cells were
transfected with GloSensor alone (black), or in the additional presence of
Smo (blue), or Smo and Ptch1 (purple). After loading with luciferin in K*
buffer, cells were switched at the indicated time to physiological Na* buffer.
While Ptch1 failed to suppress Smo in the K* buffer (note the overlapping
blue and purple traces), Ptch1 activity increased almost immediately after
the buffer change and plateaued within 20 min. See Fig. S10A for quantifi-
cation. (C) Steady-state luminescence in HEK293 cells expressing GloSensor +
the indicated plasmids (m2AchR, m2 muscarinic acetylcholine receptor, stim-
ulated by its ligand carbachol). Cells were bathed in Na* (Left) vs. K™ (Right) for
all steps following substrate loading, and forskolin-induced luminescence was
measured as in Fig. 1C. (D) Steady-state forskolin-induced luminescence in cells
bathed in saline solution based on Na* or the organic cation NMDG™, revealing
that NMDG™" cannot sustain Ptch1 activity.
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8D). Taken together, these data suggest that among monova-
lent cations, Ptchl stringently requires extracellular Na*. Fur-
thermore, the rapid (<5 min) changes in Ptchl activity resulting
from extracellular ion substitution imply that Ptchl acts at the
cell surface, or else in an endocytic compartment that fully ex-
changes its contents with the extracellular space over these
short times.

One appealing hypothesis suggested by these data is that
Ptch1 uses a transmembrane Na* gradient to power its transport
cycle. Alternatively, extracellular Na™ might somehow act as a
cofactor required to maintain Ptchl or Smo in active or inactive
conformations, respectively. Several control experiments argue
against the latter possibility. First, GTPyS binding of Smo in cell-
free membrane fractions or purified nanodiscs, normally mea-
sured in a high Na*/low K* buffer, is no greater in a high K*/low
Na* buffer (Fig. S10C), and SANT-1 can still block Smo G
protein coupling when cells are bathed in high K*/low Na™ (Fig.
S10D). Indeed, while ligand binding to some but not all class A
GPCRs is modulated by changes in Na* binding near the GPCR
orthosteric site, the critical residues involved in Na* coordination
are not conserved in the Smoothened/Frizzled subfamily (58),
consistent with the lack of Na* effects in the experiments described
above. These data demonstrate that depletion of extracellular Na™
is unlikely to activate Smo directly. Finally, Ptchl can still bind Hh
when cells are bathed in high K*/low Na*, arguing that these ion
substitutions do not affect Ptchl folding or stability (Fig. S10E).

The above data are consistent with the idea that Ptch1 activity
relies on transmembrane sodium gradients (Fig. 9). Our results,
however, do not exclude the possibility that Ptch—-Smo regulation
requires extracellular Na* in a manner that is unrelated to
transmembrane ion gradients. Definitive proof that Na™ gradi-
ents provide the energy source for Ptchl function awaits dem-
onstration of Ptchl-mediated transmembrane Na* flux, which
will require the development of a direct Ptchl transport assay.
Nevertheless, our findings should provide a useful starting point
to investigate Ptchl using cellular physiology-based approaches.

Discussion

Genetic and cell biological studies clearly support a role for pri-
mary cilia in the vertebrate Hh cascade (14), but the precise
function of this organelle has remained speculative. We find that
Ptch1-Smo regulation can be studied using simple, direct assays
that do not depend on cilia. Our measurements show that Ptchl
can switch Smo conformational state within minutes. This time
scale is faster than cilium-dependent assays such as the activity-
dependent accumulation of Smo in primary cilia (36, 37), as cili-
ary accumulation not only reflects Smo conformational state but
also incorporates downstream, rate-limiting alterations in ciliary
trafficking following the initial Smo conformational changes.

The cilium is likely the subcellular location where Ptchl reg-
ulates Smo conformation to modulate Gli transcriptional cou-
pling, as all three proteins localize to this compartment and
blockade of ciliary biogenesis or trafficking inhibits transcrip-
tional activation. However, our observation that Ptchl can reg-
ulate Smo G protein coupling independently of cilia implies that
the underlying mechanism does not require a specialized ciliary
environment, and instead must use factors present both inside
and outside cilia. Rather than providing an obligate, privileged
setting for Ptchl-Smo regulation, the cilium may instead be
uniquely required as a “meeting place” to concentrate Ptchl and
Smo with downstream pathway components, thereby permit-
ting efficient coupling to transcriptional effectors. Nevertheless,
the ciliary compartment does possess a distinct lipid repertoire
(59-61), and cilium-specific lipids might play physiologically
relevant roles in fine-tuning the core Ptch1-Smo regulatory step
that we have recapitulated in our experiments. Our Smo nano-
disc reconstitution system may allow direct testing of this hy-
pothesis in the future. In the long term, it will be important to
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b. Providing
an inhibitor

Fig. 9. Model for the roles of membrane cholesterol in the Hh pathway. When
the pathway is on, following Hh binding to and inactivation of Ptch1, membrane
cholesterol activates Smo by binding to an as yet unidentified site within the Smo
heptahelical bundle (or by modulating the membrane’s properties). In the “off”
state of the pathway, Ptch1 could repress Smo by either: (a) altering cholesterol
availability to Smo (yellow); or (b) providing a negative regulator (orange) that
overrides the cholesterol activating effect on Smo. In either case, the modulatory
influences of Ptch1 activity and membrane cholesterol on Smo function are
distinct from the CRD-cholesterol interactions highlighted in previous structural
studies (see main text). Based on the observed Ptch1 requirement for extracel-
lular Na*, we hypothesize that Ptch1 depends on the transmembrane Na* gra-
dient to power its activity. See Discussion for more details.

extend our findings to the endogenous Hh pathway in living cells
by developing biochemical and imaging-based tools to directly
interrogate Smo conformation in real-time within its native ciliary
environment. It may also be worthwhile to extend our studies to
other model systems such as the Drosophila Hh pathway, which
functions independently of primary cilia, once a reliable short-term
readout for Drosophila Smo activity has been developed.

A potential limitation of our approach is that it relies on G
protein coupling as a Smo conformational readout, and the
contribution of G proteins to Smo regulation under physiological
conditions remains a matter of debate. Nevertheless, the G
protein-based assays in our study reliably reflect all of Smo’s
hallmark functional properties (modulation by established small
molecules, inhibition by cholesterol depletion, and sensitivity to
Ptchl), arguing that our findings represent a useful, valid
framework for future investigations of Smo regulation.

Previously, it was not known whether Ptchl inhibits Smo by
removing an activator or providing an inhibitor, as either sce-
nario is consistent with established genetic relationships. How-
ever, our nanodisc reconstitution (Fig. 4) shows that cholesterol
is not merely a permissive factor that facilitates the action of
another endogenous agonist, but is sufficient in its own right to
stimulate Smo activity. This stimulation does not require the
CRD, and so cannot be mediated by cholesterol bound to this
domain, highlighting the importance of the 7TM region in cho-
lesterol regulation of Smo. Furthermore, Smo shows similar
constitutive activity in cell-derived membrane fractions (Fig. 3)
and intact cells lacking exogenous Ptchl (Figs. 1 and 2), even
though both of these systems possess an extensive repertoire of
lipid species besides cholesterol that could in principle influence
Smo activity. Our reconstitution studies thus nominate choles-
terol as the most likely substrate for Ptchl action, if Ptch1 indeed
functions by removing a Smo activator. Our in vitro experiments
complement prior studies in living systems demonstrating that
cholesterol biosynthesis is essential for Smo-mediated signaling
(21, 22, 24, 40), and that addition of exogenous cholesterol to
cells can promote Smo activity and enhance the ability of Hh
to derepress Ptchl (23, 25). In this regard, a salient feature
of in vitro reconstitution is its ability to rigorously establish
which components are truly sufficient for a biological process.
This overcomes an inherent limitation of previous studies per-
formed within the complex, incompletely defined environment
of living cells.
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How might Ptch1 act on cholesterol to influence Smo activity?
Ptchl might directly affect an interaction between membrane
cholesterol and the Smo 7TM domain (Fig. 9), thereby coopting
a near-universal mediator of GPCR stability (46) to allow for
robust Hh-mediated regulation of Smo conformation. How
Ptchl could operate to efficiently deplete such a ubiquitous lipid
is not obvious, but colocalization of Ptchl and Smo within a
specific membrane domain or a transient Ptch1-Smo interaction
might allow Ptchl to adjust cholesterol concentrations or the
inner vs. outer leaflet distribution of cholesterol (62) selectively
within the Smo vicinity. Alternatively, Ptchl might catalyze the
accumulation of an as yet unidentified negative regulator that
blocks Smo activity by overriding the positive effects of mem-
brane cholesterol (Fig. 9). Future studies using the approaches
described here may help to fully define the molecular mechanism
of Ptchl-Smo communication, including the identity of any en-
dogenous Ptchl-regulated ligands.

Several recent studies (23, 25-27) demonstrated an intriguing
capacity of cholesterol to interact with the Smo CRD, raising the
possibility that Ptchl might regulate Smo activity by changing
this extracellular domain’s cholesterol occupancy. However,
transcriptional reporter assays, both here (Fig. 6) and in prior
studies (22, 24, 27), along with our reconstitution (Fig. 4) and
GloSensor (Fig. 6) data, all demonstrate that the Smo CRD is
not absolutely required for sensitivity to either cellular choles-
terol or Ptchl action. Instead, we suggest that any effects of
Ptch1 on Smo-associated cholesterol proceed via a site within the
Smo 7TM domain. The location of this site is unknown, but may
be revealed through future mutagenesis, crystallographic studies
of active Smo, or computational prediction of ligand binding
surfaces (63). Whereas the CRD is not required to achieve
Ptchl regulation of Smo, CRD interaction with cholesterol may
help stabilize the active conformation of Smo to an extent that is
critical for in vivo pathway function, as suggested by the severe
developmental phenotype of a Smo D9IN mutant mouse (26). In
addition, our data do not exclude the possibility that Ptchl directly
operates on both the CRD and 7TM domains simultaneously, or
that the CRD renders Ptchl action on the 7TM domain more
efficient. Nevertheless, our study highlights a direct role for the
Smo heptahelical domain as a critical mediator of Ptch1 action. To
fully understand how endogenous metabolites regulate Smo, it will
be essential going forward to distinguish between the “primary”
sites on which Ptchl directly operates versus “secondary” sites that
are required to stabilize active Smo (which either constitutively
bind a cofactor or whose occupancy changes as a downstream
consequence of Ptchl activity on its primary site). By developing
direct assays for Ptch activity that do not depend on Smo for a
functional readout, it may be possible to resolve this dilemma in
the future.

Our study shows that cellular Ptch1 function requires extracellular
Na™, leading us to hypothesize that transmembrane Na* gradients,
universally present in metazoans, may supply the energy for
Ptch1 action. We cannot at present rule out that the ion substitution
effects in our GloSensor assay might reflect a Na* requirement for
Ptch1-Smo regulation that is independent of transmembrane Na*
gradients, in which case Ptchl activity would rely on some other
cellular energy source that remains to be identified. Nevertheless,
our data raise the possibility that Ptchl activity might depend on an
ion gradient, implying that the long-hypothesized transporter model
for Ptchl function might be correct. The reliance of Ptchl on Na*
gradients may seem unusual considering that most RND trans-
porters are H*-driven (16), but Na*-driven RND transporters have
been identified in halophilic organisms. Vibrio alginolyticus, a marine-

. Briscoe J, Thérond PP (2013) The mechanisms of Hedgehog signalling and its roles in
development and disease. Nat Rev Mol Cell Biol 14:416-429.

2. Pak E, Segal RA (2016) Hedgehog signal transduction: Key players, oncogenic drivers,

and cancer therapy. Dev Cell 38:333-344.
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estuarine bacterium, encodes two sets of RND transporters re-
sponsible for peptide secretion (SecD/F-1 and SecD/F-2), the first of
which is Na*-dependent (64). Like Ptchl, both H*- and Na*-
dependent SecDF proteins are sensitive to charge-neutralizing mu-
tations in transmembrane helices 4 and 10 (65), illustrating that the
core ion-conducting circuit within the RND fold can be evolution-
arily rewired to accommodate at least two different types of
chemiosmotic gradients. Further efforts to systematically mutagenize
transmembrane residues could define the permeation pathway in
Ptch1 and other Na*-dependent RND transporters in greater detail.
Apart from Ptchl, our direct cell-based and in vitro approaches may
also shed light on other mechanistically mysterious Ptchl-related
proteins for which sensitive live-cell approaches are not yet avail-
able, including the putative Hh exporter Dispatched (19, 20) and the
NPC1 protein required to release LDL-derived cholesterol from
lysosomes (18). Given that the lysosomal lumen contains high con-
centrations of both Na* and H* (66), it will be interesting to de-
termine whether the NPC1 protein functions by harnessing the
energy from a Na* gradient.

Seminal advances in many areas of membrane signaling, such as
the regulation of GPCRs and ion channels by hormones and
neurotransmitters, have relied on rapid, direct, real-time func-
tional readouts in living and cell-free systems. In the past, the
question of Ptchl-Smo regulation has not benefited from such
approaches. By measuring Smo activity with direct assays in sim-
plified cell-based and in vitro settings, our work now renders the
upstream Hh pathway accessible to a variety of experimental
treatments that would be impractical with conventional cilium-
dependent readouts. This includes manipulations that, while
potentially informative, might kill cells or compromise ciliary
trafficking over longer time scales. In addition, our cell-free read-
outs may allow us to more deeply interrogate Ptch-Smo regulation
using in vitro systems where proteins, lipids, and ionic compositions
can be rigorously and precisely controlled. We anticipate that such
strategies will be generally useful in unraveling the mechanism
of Ptch1-Smo communication, potentially revealing fundamen-
tal aspects of an enduring mystery in development, cancer, and
regeneration.

Materials and Methods

Culture and transfection of Sf9 cells, HEK293 fibroblasts, NIH 3T3 fibroblasts,
and Smo~" fibroblasts is described in SI Materials and Methods. G protein
coupling in live HEK293 cells expressing Smo or Ptch1 was masured using a
cAMP-dependent luciferase (GloSensor 22F). Membrane fractions derived from
suspension HEK293 cells were analyzed for G protein coupling via 3*S-GTPyS
binding and scintillation proximity assay. An N-terminally SBP-tagged Smo-Ga,
fusion was purified from BacMam-infected suspension HEK293 cells in DDM/
CHS detergent, and reconstituted into MSP1D1 nanodiscs, and analyzed for G
protein coupling in a similar manner. In experiments studying effects of cho-
lesterol depletion, membrane cholesterol was first depleted from membranes
using MBCD, and subsequently restored using various various sterol:MpCD
complexes. Di-isoleucine-initiated Shh was purified from bacteria as previously
described. Detailed information is provided in S/ Materials and Methods.
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S| Materials and Methods

Cell Culture. HEK293FT cells and Sf9 cells were maintained in
culture according to previously published conditions (1). Free-
style 293 cells and 293S-GnTI™ cells were maintained in sus-
pension culture in an 8% CO, incubator equipped with a shaking
platform, using Freestyle 293 expression medium (Life Tech-
nologies) supplemented with 1% FBS (Omega Scientific).
Transient transfection of 293 cells was achieved using poly-
ethyleneimine (2) or Lipofectamine 2000, each at a 3:1 DNA:
reagent ratio. Baculovirus production in Sf9 cells and infection
of suspension 293 cultures with recombinant baculovirus (Bac-
Mam expression) was performed as previously described (1).

Molecular Biology. All mouse Smo constructs are C-terminally
truncated following residue 559 after Helix VIII unless other-
wise indicated. N-terminally SNAP-tagged Smo was created by
inserting SNAP26f and HA tag sequences immediately after the
Smo signal sequence, and cloned into a pVLADG6 variant engi-
neered to lack the C-terminal protease cleavage sites and epitope
tags (3). A similar construct lacking the CRD (SNAP-SmoACRD)
was created by deleting residues from 68 to 184 from the Smo N
terminus. Ga,, fusions of SNAP-Smo and SNAP-SmoACRD were
prepared in an analogous manner, except that the Smo C terminus
was extended to residue 566 as described previously (4). For pu-
rification of Smo-Ga,, and SmoACRD-Gau,,, the endogenous Smo
signal sequence and SNAP-HA cassette were replaced by an HA
signal sequence, a FLAG tag, a streptavidin binding peptide (SBP)
sequence (5), and a tobacco etch virus protease site; the un-
structured Smo N-terminal region before residue 67 was also re-
moved. All G protein-coupling experiments involving Ptchl were
conducted using an engineered CLIP-tagged Ptchl variant in
pVLADSG, created by deleting unstructured and poorly conserved
regions; this engineered Ptchl displays similar functionality to its
wild-type counterpart in cell-based assays (Fig. S24). Human
Ga, (GNAO) (5686124) and SHT1A (9020250) plasmids were
obtained from GE Dharmacon for use as PCR templates. The
m2AchR plasmid was obtained from University of Missouri cDNA
Resource Center. The pMSP1D1 plasmid was obtained from
Addgene. The GloSensor 22F cDNA was obtained from Promega
and cloned into pVLADG. All plasmids were constructed using
Gibson Assembly and verified by Sanger sequencing.

Antibodies, Chemicals, and Small Molecules. Anti-SNAP antibody
was obtained from Life Technologies. Anti-FLAG M2 antibodies
were obtained from Sigma. Linear PEI Max (MW = 40,000)
was obtained from Polysciences. Linearized baculovirus DNA
(BestBac 1.0) was obtained from Expression Systems. MBCD,
GDP, forskolin, carbachol, 20(S)-OHC, and 22(S)-OHC were
obtained from Sigma. Cyclopamine was a generous gift of Dale
Gardner, US Department of Agriculture Agricultural Research
Service, Logan, UT. KAAD-cyclopamine was obtained from
Toronto Research Chemicals. SANT-1 and PTX were obtained
from Calbiochem. SAG21k was a generous gift from John Lee,
Stanford University School of Medicine, Palo Alto, CA (6, 7).
Purmorphamine was obtained from Cayman Chemical. Vismo-
degib was obtained from LC Laboratories. POPC and POPG were
obtained from Avanti Polar Lipids. 8-OH-DPAT was obtained
from Tocris. *>S-GTPyS (1,250 Ci/mmol), wheat germ agglutinin
scintillation proximity assay (WGA SPA) beads, streptavidin SPA
beads, and anti-mouse SPA beads were obtained from Perkin-
Elmer. Cholesterol, N-dodecylmaltoside (DDM), and cholesteryl
hemisuccinate (CHS) were obtained from Anatrace. PNGaseF
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and endoH; were obtained from New England Biolabs. Protease
inhibitor tablets, Lipofectamine 2000, and high capacity strep-
tavidin agarose were obtained from Thermo Fisher. Nickel-NTA
resin was obtained from Qiagen. Bio-Beads and QuickStart
Bradford Assay Kit were obtained from BioRad. p-Luciferin
potassium salt was obtained from Gold Biotechnology.

Smo Purification. Suspension 293 cells were grown to a density of
1.5-2.5 x 10%mL, supplemented with 10 mM sodium butyrate,
and infected with high-titer SBP-Smo-Ga,, or SBP-SmoACRD-
Ga, baculoviruses for 30-40 h. Cell pellets were flash-frozen and
stored at —80 °C. Pellets were thawed into buffer A (10 mM
Hepes pH 7.5, 10 mM MgCl,*6H,0, 20 mM KCl) supplemented
with protease inhibitors and disrupted by dounce homogeniza-
tion. The resulting suspension was centrifuged (100,000 x g,
30 min, 4 °C). The pellet was resuspended in buffer B [200 mM
NaCl, 50 mM Hepes pH 7.5, 1% DDM/0.2% CHS, 5 mM
B-mercaptoethanol (f-ME)] with protease inhibitors and solu-
bilized for 2-3 h at 4 °C with gentle rotation. After centrifugation
(100,000 x g, 1 h, 4 °C), the supernatant was incubated with
streptavidin-agarose affinity resin in batch mode for 1-2 h at 4 °C
with gentle rotation. The resin was collected by brief centrifu-
gation, packed into a disposable column, and washed with 10-
column volumes of buffer C (50 mM Hepes pH 7.5, 300 mM
NaCl, 10% glycerol, 0.1% DDM/0.02% CHS, 5 mM B-ME).
Protein was eluted in buffer D (50 mM Hepes pH 7.5, 300 mM
NaCl, 10% glycerol, 0.03% DDM/0.006% CHS, 5 mM p-ME,
2.5 mM biotin). In some experiments, monodispersity of the
purified Smo was confirmed by analytical size-exclusion chro-
matography using a Bio SEC-5 column attached to an 1100 se-
ries HPLC (Agilent), equilibrated in buffer D without biotin.
Protein concentration was calculated based on A,gg readings and
corrected according to extinction coefficient. In experiments
employing biotin-streptavidin capture at subsequent steps, biotin
was removed by exchanging the purified Smo into buffer D
lacking biotin (PD-10 desalting column).

Bacterial Protein Purification. DNA fragments encoding a SUMO
tag, two isoleucine residues, and mouse Sonic hedgehog residues
26-190 (ShhN) followed by an ACP tag (DSLDMLEW) were
fused in sequence by overlap-extension PCR, and cloned into
pHTSHP vector (described in ref. 8). Proteins were expressed in
Escherichia coli strain BL21(DE3) and purified according to the
protocol described in ref. 9, with minor modifications. In brief,
after purification by immobilized metal ion chromatography, the
protein was mixed with SUMO protease and incubated at room
temperature to remove the N-terminal tags and expose the di-
isoleucine N terminus. The cleaved protein was then dialyzed
against 20 mM Hepes, 150 mM NaCl, and 7 mM B-ME overnight
at 4 °C and further purified by cation-exchange chromatography.
Purified ShhN was typically used at a final concentration of 100
200 nM. Renilla-tagged ShhN was cloned and purified similarly.
The MSP1D1 nanodisc scaffold protein was expressed and pu-
rified as previously described (10, 11); protein was aliquoted and
stored at —80 °C, and concentration recalculated by UV absor-
bance and adjusted immediately before use.

Isolation of Membrane Fractions. Membrane fractions were pre-
pared by hypotonic lysis of transiently transfected or BacMam-
infected HEK293 cells in buffer E (20 mM Hepes pH 7.5,
1 mM EDTA) plus protease inhibitors; after a low-speed clarifying
spin (2500 x g, 5 min, 4 °C), the membrane fraction was isolated
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from the supernatant by high-speed centrifugation (20,000 x g,
30 min, 4 °C). Membrane pellets were resuspended in a minimal
volume of buffer E and protein concentration determined by a
Bradford assay; 200- to 400-pg aliquots were stored at —80 °C.

355.GTPyS Binding Assay. Binding assays were performed according
to standard procedures (12), with several modifications. Briefly,
on the day of experiment, thawed membranes were recovered
by high-speed centrifugation (20,000 x g, 30 min, 4 °C) and
resuspended at 100 pg/mL in buffer F (100 mM NaCl, 20 mM
Hepes pH 7.5, 5 mM MgCl,*6H,0). GDP was typically added to
100 pM except for the GDP titration in Fig. S4, where the con-
centrations were varied from 100 nM to 100 pM as indicated,
and Fig. 3D, where 300 M GDP was used to increase the win-
dow between basal and SAG21k-induced activity to allow more
accurate derivation of the SAG21k dose-response curve. Next,
200-pL aliquots were transferred to an opaque white 96-well
microplate; any small molecule modulators were added from a
61x stock, mixed thoroughly by pipetting, and incubated at 30 °C
for 30 min. **S-GTPyS was added (from a 12.5-nM stock) to
0.5 nM, mixed, and incubated for an additional 30 min. Next,
1 mg of WGA SPA beads were added (from a 20-mg/mL stock in
buffer F), sealed with film, and incubated for 1 h at room tem-
perature. Plates were spun briefly in a PCR plate centrifuge and
bead-bound radioactivity quantified with a TopCount microplate
scintillation counter. For experiments involving reconstituted
Smo-Ga,, nanodiscs were diluted into buffer F + 100 pM GDP
and processed for *>S-GTPyS binding as described above. Anti-
FLAG M2 antibody was added for 10-15 min, followed by >1-h
incubation with streptavidin SPA (if using biotinylated M2) or
anti-mouse SPA beads. Radioactivity was counted as described
above for membrane fractions. Background scintillation counts,
determined by omitting the membrane fractions or nanodiscs
from the assay well, were subtracted from all measurements, and
the data were normalized to the maximum signal induced by
Smo agonist. For all >>S-GTPyS binding assays, data represent
mean + SD from duplicate wells, and data are representative of
at least two independent experiments.

Live-Cell cAMP (GloSensor) Assay. HEK293FT cells were transiently
transfected with expression constructs encoding GloSensor [40%
(wt/wt)], Smo (5-10%), and Ptchl (10-20%, except for the titra-
tion experiment in Fig. 6C, where 40% was also tested). DNA was
adjusted to 100% using an empty vector. One to 2 d post-
transfection (2 d for Fig. 6C and Figs. S2C and S7C; 1 d for all
other experiments), cells were trypsinized and adjusted to 0.5 x
10%mL; 150 pL was plated in each well of a tissue culture treated
opaque white 96-well plate. The following day, the medium was
removed and cells were loaded with luciferin (450-pug/mL final
concentration) in Ringer’s solution (155 mM NaCl, 4.5 mM KCl,
2 mM CaCl,2H,0, 1 mM MgCl,*6H,0, 10 mM bp-glucose, and
5 mM Na-Hepes, pH 7.5) for 1 h at room temperature in the dark.
Small-molecule modulators or purified ShhN were added to cells
and incubated for 10 min. Luminescence was recorded in each
well at 2-min intervals using a Tecan Infinite M200 plate reader.
After taking five background readings (10 min total), forskolin was
added (1-pM final concentration) and an additional 14 measure-
ments were acquired. To monitor the kinetics of acute drug
treatments, the order of the forskolin and drug treatments were
reversed. Error bars in all GloSensor experiments represent the
mean + SD from three wells, and are representative of at least two
independent experiments. For ion-substitution experiments, cells
expressing GloSensor, Smo, or Ptchl were loaded with luciferin
and treated with drugs and forskolin as described above. At the
indicated time, the Ringer’s solution was aspirated from the well
and gently replaced with a low Na* buffer (containing luciferin
and forskolin at the appropriate final concentrations) in which the
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concentrations of Na* and K* in Ringer’s were switched (i.e.,
4.5 mM NaCl, 155 mM KClI). Similarly, for NMDG" substitution,
a Ringer’s buffer containing 155 mM NMDG-CI (instead of NaCl)
was used; KCI remained at 4.5 mM.

Depletion of Cholesterol from Membrane Fractions. A 37-mM stock
of MBCD in complex with cholesterol (30 mg cholesterol per
gram MBCD) was prepared in buffer F as previously described
(13). MBCD inclusion complexes with other sterols were pre-
pared at the same MPCD:sterol molar ratios. A 10-mM stock of
empty MBCD was also prepared in buffer F. Thawed membrane
fractions were resuspended in empty MPCD and incubated at
room temperature for 20 min to deplete endogenous sterols.
Buffer F without MPCD was used as a control for this treatment.
To test the effect of cholesterol replenishment, membranes were
recovered by centrifugation (20,000 x g, 5 min, 4 °C), resus-
pended in MBCD:cholesterol (final cholesterol concentration =
10 pM), and incubated at room temperature for an additional
20 min. Buffer F without MBCD:cholesterol was used as a con-
trol for this treatment. MBCD:cholesterol was removed by cen-
trifugation and washing in buffer F, and the membranes were
processed for **S-GTPyS binding as described above.

Reconstitution of Smo into Nanodiscs. Nanodisc assembly followed
previously published protocols (10, 11, 14, 15), with minor
modifications. Briefly, a 3:2 mixture of POPC:POPG (in chlo-
roform) was evaporated in a glass test tube and further dried in a
vacuum desiccator. To examine the effects of cholesterol on Smo
coupling, cholesterol was added at 8 mol% with respect to the
phospholipid mixture, and the amount of POPC:POPG was
adjusted to keep the final lipid concentration constant. Dried
lipids were solubilized by sonication in sodium cholate, and pu-
rified MSP1D1 and Smo-Ga were added. The final concentra-
tions of each component were as follows: cholate (24 mM), lipids
(8 mM), MSP1D1 (100 pM), Smo (<10 pM). Buffer G (300 mM
NaCl, 50 mM Hepes pH 7.5) was added to bring the final volume
to 395 pL, and the sample was mixed thoroughly and incubated
at 4 °C for 1-2 h. Biobeads (0.3 g per reaction) were added, and
the sample was rotated overnight at 4 °C to remove detergent.
After brief centrifugation, the nanodisc-containing supernatant
was collected and stored at 4 °C.

Immunoblotting. Membranes were prepared from cells expressing
Smo-Ga, and Ptchl (SNAP- and CLIP-tagged, respectively), as
described above. Membranes were solubilized in buffer H
(50 mM Hepes pH 7.5, 300 mM NaCl, 10% glycerol, 1% DDM/
0.2% CHS) for 1 h at 4 °C, and clarified by centrifugation
(20,000 x g, 30 min, 4 °C). The supernatant was treated with endoH;
or PNGaseF overnight at 4 °C, denatured with XT-Tricine buffer
(Bio-Rad), and resolved on a 3-8% Criterion XT Tris-acetate gel
(Bio-Rad). Immunoblotting was performed as previously described
(1) using an anti-SNAP antibody (1:1,000) that recognizes both
SNAP and CLIP tags.

Gli Transcriptional Reporter Assays. Maintenance and transfection
of Smo™~ MEFs as well as Gli-luciferase reporter assays were all
as previously described (1).

Ptch1 Surface Labeling with ShhN. Cell-based binding assays were
performed as previously described (8) with minor modifications.
Briefly, suspension HEK293 cells were transfected with Ptch1 and
incubated with purified ShhN-Renilla (1:10,000) diluted in
physiological or low Na* Ringer’s buffer for 1 h. 1% FBS was
added to minimize nonspecific binding. Cells were washed three
times in the appropriate buffer by centrifugation and bound
Renilla luciferase was quantified by luminometry (Dual Lucif-
erase Assay; Promega).
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Fig. S1. Studying Ptch1-Smo regulation using direct assays and reconstitution-based approaches. (A) Summary of two possible models for Ptch1-Smo reg-
ulation. Diagrammed Left is the possibility that the cilium provides an obligate, privileged environment for Ptch-Smo regulation because the cellular factors
required for this step (yellow) are found exclusively in the cilium (“unique ciliary factors”). Right is an alternative possibility: even though Ptch1-Smo regulation
occurs in the cilium it uses factors present throughout the cell (“ubiquitous factors”). In the former case, Ptch1-Smo regulation cannot proceed in any location
besides the primary cilium, while in the latter case, it may be possible to recapitulate Ptch1-Smo regulation in other subcellular locations. (B) Schematic di-
agram of the Hh pathway, indicating the previously defined genetic relationships between Hh, Ptch1, Smo, and Gli. We reasoned that Smo coupling to G
proteins vs. Gli transcription factors (the latter occurring via a poorly defined mechanism that requires intact primary cilia) may utilize similar conformational
changes. Smo G protein-coupling assays could thus provide a convenient, membrane-proximal pathway readout that illuminates the underlying mechanism of
Ptch1-Smo regulation common to both the G protein- and transcriptional-coupling pathways.
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Fig. S2. Characterization of the cell-based GloSensor assay. (A) Because Ptch1 expression is improved upon removal of its C-terminal cytoplasmic tail (1, 2), we
used a stabilized, C-terminally truncated form of Ptch1 for the majority of our G protein-coupling experiments; nevertheless, full-length wild-type Ptch1 (Ptch1
FL) is also competent to suppress Smo activity in the GloSensor assay. (B) Ptch1 had no effect on basal or carbachol-induced activity of the m2AchR; in contrast,
Ptch1 dramatically reduced Smo activity, and the effect was reversed by ShhN. (C) Cells transfected with GloSensor in the presence or absence of Smo and
Ptch1 were treated for 10 min with the indicated small-molecule Smo inverse agonists KAAD-cyclopamine (KAAD-cyc, 300 nM), SANT-1 (250 nM), or vismodegib
(200 nM), or the agonist SAG21k (50 nM), and steady-state luminescence was measured. Note that the Smo inverse agonists tend to show submaximal Smo
inhibition and synergy with Ptch1 in this assay, as described in the main text.

1. Fuse N, et al. (1999) Sonic hedgehog protein signals not as a hydrolytic enzyme but as an apparent ligand for patched. Proc Nat/ Acad Sci USA 96:10992-10999.
2. Taipale J, et al. (2000) Effects of oncogenic mutations in smoothened and patched can be reversed by cyclopamine. Nature 406:1005-1009.
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Fig. $3. Characterization of the Smo 3°S-GTPyS binding assay. (A) Effects of small-molecule Smo modulators. 3*5-GTPyS binding in membranes derived from
HEK?293 cells expressing Smo-Ga, (Smo) stimulated with vehicle (veh, black), Smo inverse agonists (inv agonists, red), or Smo agonists (blue), previously defined
by transcriptional reporter assays. Drug concentrations: cyclopamine (cyc, 2.5 uM), KAAD-cyc (300 nM), SANT-1 (250 nM), SAG21k (50 nM), purmorphamine
(purmorph, 1.6 pM), 20(S)- + 22(S)-hydroxycholesterol [20(S) + 22(S), 5 1M each]. None of these compounds affected 35S—GTPyS binding to control membranes
lacking transfected Smo-Ga, (neg). (B) A C-terminally truncated version of the Smo-Ga, fusion displayed similar basal and small molecule-induced activity (in
the presence of 10 M GDP) as one containing the intact cytoplasmic tail (SmoFL-Ga,). (C) The same constructs were tested for functionality in Smo™~ MEFs,
along with a non-G protein-fused full-length Smo (Smo FL) for comparison. In contrast to the in vitro and cell-based G protein-coupling readouts, only con-
structs containing the full-length Smo cytotail could restore ShhN-induced transcriptional responses in this assay.
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Fig. S4. Efficient Smo G protein coupling in vitro requires adding exogenous GDP to shift G protein activity into a regime of reduced sensitivity. Membranes
were prepared from HEK293 cells transfected with plasmids encoding GFP or Smo-Ga,, and incubated with cyclopamine (300 nM), the Smo agonist SAG21k
(50 nM), or a DMSO control, in the presence of varying concentrations of GDP, followed by 3°S-GTPyS binding and scintillation counting as in Fig. 3. High
concentrations of GDP are required to reduce background coupling and bring Ga—GTPyS binding into a range that is sensitive to pharmacological manipu-
lation of Smo activity state.
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Fig. S5. Purification and biochemical characterization of Smo-Ga,_ (A) SDS/PAGE of purified Smo-Ga, (estimated molecular mass = 104.3 kDa). We typically
observe substoichiometric amounts of copurifying endogenous G (band identity confirmed by mass spectrometry). (B) Purified Smo-Ga, is monodisperse,
migrating as a single peak by size-exclusion chromatography. The elution volumes for the void peak and the molecular mass standards (in kilodaltons) are
indicated above the size-exclusion trace.
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Fig. S6. Cholesterol sensitivity of Smo harboring point mutations in its CRD lipid-binding groove. (A) Membranes from cells expressing wild-type or DAYF Smo
(see main text), were depleted or replenished with cholesterol, as in Fig. 4A. We used 10 pM GDP to increase Smo basal activity in these experiments because
the constitutive activity of DAYF Smo was too low to be measured reliably under standard assay conditions. Cells that were not transfected with Smo serve as a
negative control in these experiments. (B) Cholesterol-depleted membranes were stripped of endogenous cholesterol and replenished with the indicated
concentrations of cholesterol as in Fig. 4C, revealing a similar concentration-dependence (ECsos of 3.71 + 0.38 puM and 6.82 + 0.89 uM for wild-type and DAYF
Smo, respectively).

Myers et al. www.pnas.org/cgi/content/short/1717891115 6 of 9


www.pnas.org/cgi/content/short/1717891115

A Model 1 Model 2

L T

Site of Ptch action CRD 7TM domain
" Nature of CRD ligand Endogenous Ptch Cofactor, stabilizes active
substrate Smo conformation

g

Can Ptch repress Smo

with mutated CRD? No Yes

B H vehicle C
B ShhN W untreated
B SAG21k B ShhN
H 20(S)-OHC
35 80 1
; 30 -
< 4 60 -
> 25 -
S 20 A =
8 15 - x40
(] -
i’ 10 A 20 -
O 5 7
0 - 0
neg WT DAYF +|+|+]|+|+]| GloSensor
ctrl + |+ Smo WT
+ | +| Smo DAYF
+ + | Ptch1

Fig. S7. Tests of CRD requirement for Ptch1 action on Smo in the transcriptional and GloSensor-based assays. (A) Schematic diagram of two possible models
for Ptch1-Smo regulation, indicating the predicted role of the CRD and the expected consequences of a Ptch1 transfection experiment in each case. (B) Smo™~
cells expressing wild-type Smo or the DAYF mutant were stimulated with vehicle control (black), ShhN (green), SAG21k (50 nM, blue), or 20(S)-OHC (15 pM,
orange) and processed for Gli-luciferase measurements as in Fig. 6A. (C) Ptch1 suppressed G protein coupling of Smo DAYF, and the effect was reversed by
acute treatment with ShhN. Smo DAYF shows less constitutive activity than wild-type Smo, equivalent to the lower level of Hh-induced activity for Smo DAYF
compared with wild-type Smo in Gli transcriptional reporter assays shown in A; nevertheless, Smo DAYF is clearly sensitive to the effects of Ptch1 in both assays.
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Fig. S8. Ptch1 activity is lost by physical or chemical disruption of cells. (4, Left) Membrane fractions prepared from cells expressing Smo-Ga,, in the presence
or absence of Ptch1, stimulated with small molecules as in Fig. 3. Ptch1 does not noticeably affect Smo—-Ga coupling. Cells expressing Ptch1 alone serve as a
negative control. (Right) A Western blot from solubilized membrane fractions, indicating efficient expression of Ptch1 and Smo, and a roughly equal ratio of
Ptch1 to mature (post-ER) Smo, judged by sensitivity of Smo protein to the enzymes (enz) PNGaseF and endoH (1). Note that Smo and Ptch1 are SNAP- and CLIP-
tagged, respectively, and that the anti-SNAP antibody recognizes both tags (Materials and Methods). (B) A similar experiment performed on whole cells
permeabilized with 0.02% Triton X-100, allowing 3°S-GTPyS to gain intracellular access. Permeabilized cells were incubated with small molecule modulators
and 3°S-GTPyS, washed three times by centrifugation, and resuspended in scintillation mixture to measure cell-retained radioactivity.

1. Chen JK, Taipale J, Cooper MK, Beachy PA (2002) Inhibition of Hedgehog signaling by direct binding of cyclopamine to Smoothened. Genes Dev 16:2743-2748.
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Fig. S9. Effects of ion gradient disruption on Smo ciliary accumulation. NIH 3T3 cells were stimulated with vehicle or SAG21k as indicated for 4 h in a
physiological high Na*/low K* buffer (Na*), or a high K*/low Na* buffer (K*). As a control, cells were stimulated with SAG21k in DMEM + 0.5% FBS, the typical
medium for Smo ciliary accumulation experiments, demonstrating that Smo accumulation occurred efficiently in the simplified high Na*/low K* buffer. Cells
were fixed and stained with antibodies to Smo (green) and acetylated tubulin (red, to mark primary cilia). Representative cilia images for each condition are
shown in A, along with quantification of Smo™ cilia (B) following treatment with vehicle (black) or SAG21k (blue). Between 100 and 250 cilia were analyzed for
each condition. (Magnification: A, 20x.)
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Fig. $10. Additional characterization of the requirement for extracellular Na* in Ptch1-Smo regulation. (A) A plot of steady-state GloSensor activity measured
under Na* or K* buffer conditions described in Fig. 88, normalized to the maximal signal obtained from GloSensor alone. While Smo can inhibit GloSensor
comparably under both conditions, Ptch1 only suppresses Smo in the Na*-based buffer. (B) A GloSensor experiment in which cells were loaded with luciferin
and stimulated with forskolin in Li*-based saline, then switched at the indicated time to Na*-based saline. (C) Purified Smo-Ga, was incorporated into
cholesterol-containing nanodiscs and processed for GTPyS binding as in Fig. 4, either under standard Na*-based buffer conditions (Na*, 100 mM NacCl) or in a
low Na*/high K* buffer (K*, 95.5 mM KCl, 4.5 mM Nacl). Values for bound 35S—GTPyS (in counts per minute) are reported for each condition. (D) Smo is inhibited
by SANT-1 to comparable degrees in Na* vs. K* buffer, while Ptch1 only affects Smo in the Na*-based buffer. (E) Renilla luciferase-tagged ShhN binds equally
well to the surface of Ptch1-expressing cells in both the Na* and K* buffers.
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