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The Hedgehog (Hh) pathway is fundamental to embryogenesis, tissue
homeostasis and cancer. Hh signals are transduced through an unusual
mechanism; upon agonist-induced phosphorylation, the noncanonical
G-protein-coupled receptor (GPCR) Smoothened (SMO) binds the protein
kinase A (PKA) catalytic subunit (PKA-C) and physically blocks its enzymatic
activity. Here, by combining computational structural approaches with
biochemical and functional studies, we show that SMO mimics strategies
prevalentin canonical GPCR and PKA signaling complexes, despite little
sequence or secondary-structure homology. The intrinsically disordered
SMO cytoplasmic domain binds the PKA-C active site, resembling the
regulatory subunit within PKA holoenzymes, while the SMO transmembrane
domainbinds a conserved PKA-Cinteraction hub. Unlike prevailing

GPCR signal transduction models, phosphorylation of SMO promotes
intramolecular electrostatic interactions that stabilize structural elements
withinits cytoplasmic domain, thereby remodeling it into a PKA-inhibiting
conformation. Our work provides a structural mechanism for a central step
inHhsignaling and defines a principle for disordered GPCR domains to
transmit signals intracellularly.

Communication between G-protein-coupled receptors (GPCRs) and
protein kinase A (PKA) is fundamental to human physiology and mal-
functionsin GPCR-PKA communication canlead to disease’”. Canoni-
cal GPCRs regulate PKA by coupling to heterotrimeric G proteins
that control cyclic AMP (cAMP), a second messenger that unleashes
PKA catalytic (PKA-C) subunits from inhibition by PKA regulatory
(PKA-R) subunits in PKA holoenzymes'~. In contrast, during verte-
brate Hedgehog (Hh) signal transduction, the noncanonical class F
GPCR Smoothened (SMO) inhibits PKA independently of classical
G protein and cAMP-dependent cascades®™. Instead, activation of
SMO by sterol agonists® triggers insertion of a PKA pseudosubstrate

motifin SMO’s intracellular membrane-proximal C terminus (pCT)
into the PKA-C active site” . This binding interrupts PKA-C’s catalytic
cycle® ™, relieving glioma-associated (GLI) transcription factors from
phosphorylation-induced inhibition and enabling Hh pathway target
gene expression” . These events occur within the primary cilium, a
small cell-surface compartment believed to promote key Hh pathway
biochemical reactions because of its high surface-area-to-volume
ratio, compartmentalized architecture and distinctive protein and
lipid composition'®8,

SMO-PKA-Cinteractions are regulated such that only the active
SMO conformation inhibits PKA-C, ensuring proper control of GLI
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transcription and preventing pathological outcomes™". Thus, GPCR
kinases 2 and 3 (GRK2/3) recognize active, sterol-bound SMO and
phosphorylate the pCT, thereby enhancinginteractions between the
SMO pseudosubstrate motifand PKA-C*". Although phosphorylated
GPCRs oftenbind cytoplasmic signaling proteinsindirectly through
B-arrestin scaffolds'?, in vitro reconstitution studies established
that GRK2/3 phosphorylation of SMO triggers a direct SMO-PKA-C
interaction®. The SMO-GRK2/3-PKA pathway is essential to Hh
signal transduction® %72 although other processes contribute
(Discussion); however, how SMO binds PKA-C in structural terms
and how GRK2/3 phosphorylation facilitates this process are
unknown (Fig. 1a).

Numerous structural studies have explored how canonical GPCRs
bind conventional downstream effectors' %, as well as how PKA-C
engages classical pseudosubstrates®>**°, The SMO-PKA-C interac-
tion differs from these signaling complexesin two fundamental ways.
First, PKA-C is unique among GPCR effectors; it is unrelated to G pro-
teins or B-arrestins and lacks obvious GPCR-interacting domains'*?°.
Second, unlike conventional PKA inhibitors, such as the heat-stable
proteinkinaseinhibitor (PKI) proteins or PKA-R subunits, which inter-
act with PKA-C constitutively or under cAMP-depleted conditions,
respectively*®*', SMO requires GRK2/3 phosphorylation to bind and
inhibit PKA-C"™, Consistent with this unprecedented mode of PKA
regulation, SMO displays homology to PKI proteins and PKA-R subunits
onlywithinits pseudosubstrate region'* and lacks the additional struc-
tural elements needed in these proteins for efficient PKA-C binding*> .
Thus, existing GPCR and PKA structures offer little insight into the
SMO-PKA-C complex.

Theintracellular segments (CT and intracellular loop 3 (ICL3)) of
both canonical and noncanonical GPCRs (including SMO) are predicted
tobeintrinsically disordered regions (IDRs)**. IDRs adopt a continuum
of conformational states” *°, presenting a formidable challenge for
structural characterization. Indeed, these GPCR IDRs—critical for
signaling—are largely unresolved in or absent from most GPCR crys-
tallography or cryo-electron microscopy (cryo-EM) structures®***,
including the >20 SMO structures solved to date”*~*¢, To overcome
these limitations, we analyzed the SMO-PKA-C complex by integrating
computational structure prediction and molecular dynamics (MD)
simulations with biochemical, biophysical and functional studies. The
resulting structural model reveals key mechanistic insights into this
previously inaccessible signaling complex.

Results

AlphaFold modeling of the SMO-PKA-C complex

Prior computational predictions suggest that the SMO pCTisanIDR",
consistent with the inability to resolve this region of SMO in cryo-EM*,
Asolubleportion of SMO encompassing almost the entire SMO pCT (res-
idues 565-657) showed a mixed weak a-helical and random coil finger-
printincircular dichroism (CD) spectroscopy (Extended Data Fig. 1a),
indicating limited secondary structure or an ensemble of disordered
and partially structured states.

Whereas some IDRs are constitutively unstructured, others
display conditional folding; they are unstructured in their apo,
unmodified forms but adopt partially or fully structured conforma-
tions upon post-translational modification and/or binding to other
proteins®~*°, Although these ‘conditionally folded’ IDRs are challeng-
ing to characterize experimentally®*~>%4°, AlphaFold can often predict
them accurately*”*® (Supplementary Discussion 1). Intriguingly, the
full-length SMO model available from the EBI database of AlphaFold
structure predictions***° shows several helical regions in the pCT
(Extended Data Fig. 1b), suggestive of conditional folding. AlphaFold
modeling may, therefore, provide structural insights into the SMO-
PKA-Cinteraction.

We used AlphaFold to model mouse SMO bound to PKA-Ca
(the best-studied and most ubiquitously expressed PKA-C isoform).

We initially used AlphaFold 2.3.0 (ref. 51) but ultimately switched to
AlphaFold3 (released during the final stages of this project)*, as ver-
sion 3 enabled us to explicitly model SMO phosphorylation sites and
Mg-ATP, all essential for SMO-PKA-C interactions” . The models
produced by AlphaFold 2.3.0 and AlphaFold3 are similar, likely because
the contributions from GRK2/3 phosphorylation are already reflected
in the sequence-structure relationships in the multiple-sequence
alignments* (Supplementary Discussion 1and Supplementary Data
Filesland2). AlphaFold 2.3.0 also predicts aslightly lower-confidence
complex (Extended DataFig. 1c), possibly an alternative conformation
(Supplementary Discussion 2). Unless noted, we refer to the AlphaFold3
model below.

Inthe AlphaFold model, the phosphorylated SMO (pSMO)-PKA-C
complex consists of an extended binding interface in which the SMO
pCTandICLs cradle PKA-C’s C-lobe and active-site cleft, with the kinase’s
C-lobe pointing upward toward the SMO seven-transmembrane (7TM)
domain (Fig. 1b). The complex harbors several key features (Fig. 1b).
Within the pCT, the pseudosubstrate motif consists of an inhibitor
sequence that engages the PKA-C active site, immediately preceded
by anamphipathic helix (615-630) that we refer to as the ‘PKI-like helix’
(Fig. 1b,c) for its resemblance to one found in PKI proteins®**. The
PKI-like helix interacts at an approximately 30° angle with a second,
longer amphipathic helix within the SMO pCT, which we designate the
‘Rll-like helix’ (Fig. 1b,c), asit structurally mimics features of the PKA-RII
holoenzyme®, as discussed below. The region between these helices
contains several GRK2/3 phosphorylationsites along withasequence,
which we call the ‘reentrant loop’ (602-609), that interacts intramo-
lecularly with a cavity formed by transmembrane helix 3 (TM3), TM6
and TM7 of the SMO 7TM domain (Fig. 1b,c). Lastly, other portions of
the helices and ICLs from the SMO 7TM domain interact with PKA-C’s
C-lobe, while the kinase’s N-terminal helical domain points toward the
membrane (Extended Data Fig. 1d).

Multiplelines of evidence support the accuracy of our AlphaFold
model. Firstly, the model agrees with prior empirical structures of
PKA-Ca’***%%3** and the SMO extracellular and 7TM domains”"*>#¢
(Extended Data Fig. 1d). Secondly, the highest-ranked model
achieved an interface predicted template modeling (ipTM) score
of 0.87, indicating high global confidence®, along with high (>70)
predicted local distance difference test (pLDDT) values and low pre-
dicted aligned error (PAE) values indicating high local confidence
in key interface-forming regions>*° (Fig. 1b, Extended Data Fig. 1e
and Supplementary Fig. 1). Thirdly, PKA-C remained bound to SMO
in extended (3 x 2 ps) all-atom MD simulations and the pCT-PKA-C
interface was highly stable despite flexibility at the 7TM-C-lobe
contact (Fig. 2a and Supplementary Table 1), Fourthly, amide hydro-
gen-deuterium exchange mass spectrometry (HDX-MS) studies dem-
onstrated protection of key binding interface elements (Fig. 2b and
Extended Data Fig. 1f), as discussed below. Lastly, the SMO-PKA-C
interface is conserved at the sequence and structural level across
metazoans (Fig. 2c and Extended Data Fig. 1g).

To directly visualize the purified SMO-PKA-C complex, we per-
formed single-particle cryo-EM, collecting ~40,000 videos across seven
sample conditions (Fig.2d, Extended DataFig.2, Supplementary Table2,
Supplementary Fig.2 and Supplementary DataFile 3). The datasets con-
verged onsimilar architectures, with asample in MSP1E3D1 nanodiscs
yielding slightly more detail than others (Extended Data Fig. 2, Sup-
plementary Data File 3 and Supplementary Table 2). The map (8.57-A
nominal resolution) revealed a large central ellipsoid corresponding
to the nanodisc, with two protruding lobes—one small and one large.
Rigid-body fitting of the AlphaFold models showed good agreement
with this cryo-EM density, supporting the overall architecture and rela-
tive positioning of SMO and PKA-C (Fig. 2d). Although the resolutionis
insufficientat present to visualize main-chain or side-chain features or
to distinguish between the two conformations of the complex, these
empirical structural data nevertheless demonstrate that AlphaFold
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Fig.1| AlphaFold modeling of the SMO-PKA-C complex. a, Left, schematic
diagram of Hh pathway regulation in the primary cilium, showing key
components and their functional relationships. Right, central questions
investigated in this study are highlighted (details in the text). b, AlphaFold3
model of phosphorylated mouse SMO in complex with mouse PKA-Ca (rendered
as asurface with small N-lobe in white and large C-lobe in olive). Positions of the
SMO extracellular CRD, 7TM domain and pCT are indicated and the approximate
location of the membrane is shown in gray. The PKI-like helix, inhibitor

Reentrant loop
RIl- llke

sequence, Rll-like helix and reentrant loop are labeled (details in the text). Top
left, the AlphaFold3 pLDDT score (0-100, with higher values indicating greater
confidence) is represented by a color scale. The turquoise sphere in SMO’s
inhibitor sequence represents the P-site. ¢, Sequence of SMO helix 8 and pCT.
Secondary-structure elements are underlined, GRK2/3 phosphorylation sites
are highlighted in orange and key amino acids in the pseudosubstrate motif are
labeledinred.

models provide accurate initial representations of the SMO-PKA-C
interaction and astarting point for biochemical and functional studies.

A centralrole for the SMO pseudosubstrate motifin the
SMO-PKA-C complex
In our model, the SMO pseudosubstrate motif forms the linchpin of
the SMO-PKA-Cinteraction, with theinhibitor sequence adopting a
canonical orientation between the kinase’s N and C lobes*. Like other
PKA-C inhibitors*?*** the pseudosubstratesite (P-site) alanine, P - 2
and P -3 arginines and P + lisoleucine residues interact extensively
with the PKA-C active-site cleft (Fig. 3a). The P +1isoleucine (SMO
1636) packs hydrophobically against PKA-CL198, P202 and L205and
the P +2leucine, P + 3 proline, and P + 6 valine (SMO L637, P638 and
V641) pack hydrophobically against PKA-C L82 and F54 (Fig. 3a). In
addition, SMOresidues W622,V626 and M629, located in the PKI-like
helix, hydrophobically pack against Y235 and F239 within the PKA-C
aF-aGregion, resembling interactions in PKIo*>** (Fig. 3a). Consistent
with our AlphaFold model, mutational analysis showed that the P -2
and P - 3 arginines, P-site alanine and P - 13 tryptophan (W622) are
essential for SMO-PKA-C interactions and Hh signal transduction™.
To further evaluate the predicted SMO-PKA-C binding mode,
we performed disulfide trapping with the mouse SMO-PKA-C complex.

InPKA-RIlholoenzymes, the P + 2 cysteine forms a disulfide bond with
PKA-C C199 under oxidizing conditions*”**. If the SMO and PKA-RII
inhibitor sequences bind similarly to PKA-C, then substitution of the
SMO P + 2 leucine with cysteine (L637C) should produce a disulfide
bond between SMO and PKA-C C199, similar to the P + 2 cysteine in
PKA-RII. Using purified proteins in vitro, we observed that PKA-C
formed a disulfide trap with L637C versions of near-full-length SMO
ortheisolated pCT, whereas wild-type (WT) SMO exhibited littleif any
trapping (Fig. 3b and Extended Data Fig. 3a,b).

Whereas PKI proteins are constitutive PKA-C inhibitors
only the active, GRK2/3-phosphorylated conformation of SMO can
bind and inhibit PKA-C under cellular conditions"". Accordingly,
peptides encompassing the minimal active-site-binding portion
of PKla bind PKA-C with low nanomolar affinity*® but a peptide
encompassing the corresponding region of SMO binds ~1,000-fold
more weakly'. The PKI-like helix in SMO is elongated and reori-
entated in our models compared to the one in PKla, eliminating a
key salt bridge (PKlax P — 6 arginine to PKA-C E203)** (Fig. 3a). This
reorientation likely accounts for the lower affinity of the SMO
pseudosubstrate motif.

Thus, our AlphaFold model provides a high-confidence struc-
tural prediction of the SMO-PKA-C complex structure and establishes
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Fig. 2| Overview of experimental, computational and evolutionary analysis
ofthe SMO-PKA model. a, Structural snapshots of the complex between
phosphorylated mouse SMO (blue) and PKA-C (olive) as assessed by MD
simulations (one snapshot every 300 ns, 3 x 2 us of simulation time). Note
that MD simulations (unlike the AlphaFold models) include the SMO ligand
cholesterol and the PKA-C N-myristoyl modification. Left, overall view of the
complex, aligned on the SMO 7TM domain. Average r.m.s.d. values + s.d. are
shown for the backbone of the SMO 7TM domain and PKA-C helices. Right,
zoomed-in view of the interface between PKA-C and SMO, aligned to the PKA-C
helices, highlighting the stability of the PKI-like helix, inhibitor sequence and
RIl-like helix. b, Mapping of HDX-MS results onto the AlphaFold3 model of

the SMO-PKA-C complex, rendered as a heat map. Peptides in SMO or PKA-C
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showing decreased or increased exchange (that is, increased or decreased
protection) are shown in their respective color scales, indicated on the right.
RFU, relative fractional uptake. ¢, AlphaFold3 models of SMO-PKA-C complexes
from the indicated species, aligned on PKA-C from each complex. Note that,
although the 7TM domain of human SMO appears slightly shifted compared to
other SMO orthologs, this difference falls within the range of variability observed
for this interface in the mouse complex (Extended Data Fig. 8d). d, Docking of
two AlphaFold 2.3.0 models (Supplementary Discussion 2) into a low-resolution
cryo-EM map obtained from an SMO-PKA-C sample that is reconstituted into
MSP1E3D1lipid nanodiscs. Conformations1and 2 are colored blue and dark
magenta, respectively. Cryo-EM density is shown in gray and displayed at a
contour level of 0.1.

the central role of SMO’s PKA pseudosubstrate motif in mediating
thisinteraction.

SMO structurally mimics the PKA-RIIf holoenzyme
To bind PKA-C with high affinity, PKA-R subunits combine a ‘central’
interaction at the PKA-C active-site cleft with ‘auxiliary’ interactions

engaging additional PKA-C surfaces”*>*°. In the PKA-RIIf holo-
enzyme (RIIf3,-C,), the inhibitor sequence from one PKA-RIIf3 subu-
nit binds the PKA-C active-site cleft, while the 4-5 loop from the
other PKA-RII subunit engages the PKA-C hinge region (between
the kinase’s N-lobe and C-lobe)®® and ‘FDDY’ motif essential
for ATP binding™ (Fig. 4a). Together, these central and auxiliary
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Fig. 3| A central role for the SMO pseudosubstrate motifin the SMO-PKA-C
complex.a, Left, empirical structure of PKla (residues 5-24) (PDB 1ATP; red)

in complex with PKA-C (olive and white, as in Fig. 1b). Right, AlphaFold model

of pSMO (blue) in complex with PKA-C. In this and all subsequent figures, the
SMO cartoon (top) represents the orientation of the SMO-PKA-C complex (in
this case, with SMO at the bottom and PKA-C at the top, with the PKA-C N-lobe
pointing upward and the C-lobe pointing downward). Locations of residues
discussed in the text are indicated. Note the salt bridge between the P — 6 arginine
in PKlocand PKA-C E203 (left); thisinteraction is absentin SMO (right). b, SDS—
PAGE analysis of purified, near-full-length WT or L637C mutant SMO incubated

PKA-C

with PKA-C treated with or without the oxidizing agent diamide (to induce
disulfide bond formation). Sequence alignments above the gel image show the
substitution presentin SMO and the location of the disulfide bond between

SMO L637C and PKA-C C199. The endogenous cysteine in the SMO intracellular
domain (C554) in WT SMO provides a negative control for nonspecific SMO-
PKA-C disulfide bond formation. The locations of SMO, PKA-C and the disulfide-
trapped SMO-PKA-C complex are indicated on the right. PKA-C runs as a doublet
following diamide treatment because of the formation of an intramolecular
disulfide bond between C199 and C343, as shown previously'?”'%®, Data are
representative of n = 4 biological replicates. MW, molecular weight.

interactions lock PKA-C into a closed conformation and interrupt
catalysis®*,

Surprisingly, a12-aa SMO amphipathic helix (mouse SMO, resi-
dues 570-581), which we term the Rll-like helix, mimics key struc-
tural features of both PKA-R subunits in the PKA-RII3 holoenzyme.
Despite lacking sequence or structural homology to PKA-RIIB, this
SMO helix binds to the same regions engaged by the B4-f35loop of one
PKA-RII subunit and the backside of the inhibitor sequence fromthe
other® (Fig. 4a). Furthermore, an analogous pattern of hydrophobic
and hydrogen-bonding interactions underlies both SMO-PKA-C and
PKA-RIIB-PKA-C complexes. SMO F577 hydrophobically packs against
PKA-CF129 and R133, mirroring the hydrophobicinteractions of F107
attheP - 5site from the PKA-RIIB inhibitor sequence and V210 from the
B4-BSloop® (Fig.4a). SMO R580 and R581 hydrogen bond with D328/
D329 from the FDDY motif, mimickinginteractions between PKA-RIIP
Y200, G207 and R208 with these same PKA-C residues™ (Fig. 4a). A
cation-m interaction between SMO R580 and SMO F577 is expected
toenhancetheseionicinteractions (Fig.4a). Additional residues con-
tributing to thisregion of the SMO-PKA-C complex are summarizedin
Fig.4a.Thus, despitedistinct primary sequences, secondary-structure
elements and binding stoichiometries, SMO and PKA-RIIp use remark-
ably similar central and auxiliary interactions to engage PKA-C.

The SMO PKI-like helix, inhibitor sequence and RIlI-like helix
remain stably engaged with the PKA-C hinge region and active-site
cleftduringall-atom MD simulations, with SMO F577 exhibiting marked
stability (Figs. 2a and 4b,c). These observations are indicative of an
energetically favorable binding configuration. To empirically define
the binding interface, we used HDX-MS (Extended Data Fig. 4a,b,
Supplementary Table 3, Supplementary Figs. 3 and 4 and Supplemen-
tary Discussion 3)®** on an SMO-PKA-C complex disulfide-trapped
at the interface between the SMO pseudosubstrate motif and PKA-C
active-site cleft (SMO L637C + PKA-C C199; Fig. 3b); this highly spe-
cific disulfide bond is expected to stabilize the complex at its central
interaction while allowing other peripheralinteractions to formfreely
(Extended DataFig. 4c), thereby facilitating HDX-MS of this likely unsta-
ble complex. HDX-MS analysis of the pSMO-PKA-C complex revealed

deuterium exchange protection in the SMO pseudosubstrate motif
and the PKA-C active-site cleft relative to the uncomplexed proteins
(Extended DataFig. 4d,e and Supplementary Discussion 3). The SMO
RII-like helix (577-590) and the PKA-C hinge region (122-128) also
showed significant deuterium exchange protection (>0.5 Da) in the
complex (Fig. 4d and Extended Data Fig. 5a). Overall, these findings
supportbinding of SMO RII-like helix to the PKA-C C-lobe as predicted
by our model.

Todirectly evaluate the binding between the SMO RII-like helix and
the PKA-C hinge region with single-residue precision, we conducted
additional disulfide-trapping studies. In our model, SMO S570 and
A574 onthe hydrophobic face of the RIl-like helix reside within 2.7 and
4.4 A of PKA-C G136, respectively. Accordingly, purified, pSMO S570C
or A574C formed a specific disulfide bond with PKA-C G136C (Fig. 4e,
Extended DataFig.5b and Supplementary Discussion 4), demonstrat-
ing that the SMO RII-like helix directly contacts the PKA-C hinge region,
consistent with the AlphaFold model.

To assess the impact of the SMO RlI-like helix on SMO-PKA-C
interactions and Hhsignal transduction, we used mutational analysis.
Prior systematic SMO scanning mutagenesis identified eight amino
acids that, when substituted individually to alanine (or glycine, for
alanines in the WT sequence), prevent Hh-induced activation of a
GLI transcriptional reporter, through an unknown mechanism®.
Six of these eight residues are within the SMO RlI-like helix and four
of the six (S570, 1573, F577 and R580) directly engage PKA-C in our
model (Fig. 5a). We confirmed that1573A or F577A, alone or combined
with R580A (IFR>AAA), abolished GLI reporter activation (Fig. 5a
and Extended Data Fig. 5c). The remaining substitutions (A574G and
A576G)® likely hindered formation of the Rll-like helix, as glycine is a
helix-destabilizing residue. Accordingly, whereas alanine substitution
of SMO K575, anon-PKA-C-interacting residue within the Rll-like helix,
only modestly (<50%) decreased GLI reporter activation®, substitu-
tion with proline, a potent helix disruptor, had a markedly stronger
effect (Fig. 5b and Extended Data Fig. 5¢). Lastly, destabilizing the
hydrophobicinterface between the Rll-like helix and the PKI-like helix
(V626D;V630D;Fig. 4c and Extended Data Fig. 5d) strongly blocked GLI
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Fig. 4| Structural mimicry of the PKA-RII holoenzyme by an SMO
amphipathic helix. a, Top, cartoon of tetrameric PKA-RIIf3 holoenzyme (RIIB,-C,;
left cartoon) where each PKA-C (C; dotted outline) contacts the inhibitor
sequence of one PKA-R (R; red) and the B4-B5 loop of the other (R’; green) and
vice versa. Bottom, overlay between PKA-RIIB holoenzyme empirical structure
(PDB3TNP) and pSMO-PKA-C AlphaFold3 model aligned on the PKA-Cineach
complex. SMO is shown in blue, with the Rll-like helix in foreground (dark blue)
and additional SMO sequences, including inhibitor sequence and PKI-like helix,
inbackground (light blue). Right, SMO and PKA-RII3 complexes shown separately,
with key residues and motifs indicated. b, MD snapshots of SMO F577 (light blue,
oneevery150 ns, 3 x 2 pus of simulation time) within the SMO C-tail (dark blue);
frames are aligned on the PKA-C helical backbone (brown). ¢, MD structural
snapshots (one every 30 ns, 3 x 500 ns of simulation time) show the positions of
the PKI-like helix (residues 615-630; green) and Rll-like helix (residues 570-581;

red) during simulations of WT SMO or the indicated SMO mutants (model on
theleft). Simulations are aligned using the backbone of SMO residues 615-630.
Overall root-mean-square fluctuations (r.m.s.f.,in A) and r.m.s.d. for backbones
ofindicated residues are shown below each simulation. d, Representative
HDX-MS envelope (deuterium exchange time ¢, =10 min) of peptidesin the
indicated region in pSMO or PKA-C alone (top spectrum in each pair) or in
complex with PKA-C (bottom spectrum in each pair). Top right, deuterium uptake
shown for each spectrum. Centroids are indicated by red dashed lines. SMO
peptide, residues 577-590; PKA-C peptide, residues 121-128. e, Right, SDS-PAGE
analysis of diamide-induced disulfide trapping between pSMO S570C and PKA-C
G136Cina(-)Cysbackground (Methods). WT SMO and (-)Cys PKA-C served as
negative controls. Left, locations of SMO S570, A574 and PKA-C G136 indicated on
cartoon structure. Quantification is shown in Fig. 6e. Data are representative of
n=3biological replicates.
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Fig. 5| The SMO RII-like helix is essential for Hh signal transduction. a, GLI
transcriptional reporter assay in Smo™”~ MEFs transfected with GFP (negative
control), WT SMO or the indicated SMO mutant constructs. Cells were treated
with conditioned medium containing the N-terminal signaling domain of
Sonic Hh (ShhN) alone (green), or in the presence of the SMO inverse agonist
vismodegib (ShhN + vismo; blue) or control conditioned medium lacking ShhN
(black). Data are normalized to the expression of each mutant relative to WT
SMO (Methods) and represent the mean + s.d. (n = 3 independent biological
replicates). Locations of SMO residues are indicated in the cartoon at left.

b, Asecond panel of SMO mutants were analyzed as in (a). Data represent the
mean +s.d. (n =3 independent biological replicates). c, Left, steady-state SPR
analysis of binding interactions between PKA-C and WT SMO or the indicated
SMO mutants reconstituted into nanodiscs (definition and functional

characterization of the SKE mutant in Fig. 6). Datarepresent the mean +s.d. (n=3
independent biological replicates). Right, K, determinations for the experiments
shownon the left (n = 4 measurements per condition). d, SPR sensorgram for
binding of myristoylated PKA-Ca, in concentrations ranging from 0.016 pM to
1uM, to phosphorylated WT SMO or the indicated SMO mutants reconstituted
into nanodiscs. e, Left, SPR sensorgram for 250 nM PKA-Ca binding to WT SMO
(green) but displaying no binding to a negative control version of SMO lacking
the entire CT (SMOACT, magenta), consistent with prior findings"". Right,
quantification of SMO WT or SMOACT SPR binding signal with data representing
the mean + s.d. (n =3 biological replicates). *P < 0.05, **P < 0.01 and ***P < 0.001.
Full statistical analysis is presented in Supplementary Table 4. RLU, relative
luminescence units.

transcriptional activation (Fig. 5b and Extended DataFig. 5c). Control
experiments established that the inability of these mutants to signal
cannotbe explained by defects in SMO expression, ciliary localization
oragonist-induced GRK2/3 phosphorylation (Extended DataFig. Se,f),
consistent with previous findings'>®>%,

A parsimonious explanation for the Hh signaling loss-of-function
mutations in the SMO RIl-like and PKI-like helices is that these muta-
tions compromise a key interface between the SMO RlI-like helix and
PKA-Chinge region. Consistent with this hypothesis, the region of SMO
encompassing the Rll-like helix (570-581) is critical for interactions
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with PKA-C in bioluminescence resonance energy transfer assays".
To quantify this interaction, we developed a surface plasmon reso-
nance (SPR) assay using near-full-length, GRK2/3-phosphorylated
SMO reconstituted into nanodiscs in vitro. WT pSMO bound PKA-C
with high affinity (K, = 82 £ 11 nM), while the IFR>AAA substitution
significantly weakened the interaction (K, =222 + 63 nM) (Fig. 5c-e
and Supplementary Discussion 5). The effects of the substitution were
less pronounced in SPR than in GLI reporter assays (Fig. 5a), possibly
reflecting differences in each assay’s sensitivity and dynamic range
(Supplementary Discussion 5). Nevertheless, these results support a
key role for the RlI-like helix in mediating SMO-PKA-C binding.

In sum, AlphaFold modeling, HDX-MS, disulfide-trapping and
mutational analyses demonstrate that SMO structurally mimics the
PKA-RIIf subunitin PKA holoenzymes.

Phosphorylation generates structural elements that stabilize
the SMO-PKA-C complex

GRK2/3 dramatically enhances the SMO-PKA-C interaction®* by phos-
phorylating active SMO at eight conserved serines and threonines
within the pCT"™" (Extended DataFig. 6a). Five (pS560, pS594, pT597,
pS599 and pS615) reside N-terminal to the PKI-like helix, while three
(pS642, pT644 and pT648) are C-terminal to the inhibitor sequence
(Fig. 1c). Our AlphaFold models immediately suggest how phospho-
rylation in each region promotes SMO-PKA-C binding.

The five N-terminal phosphorylated residues cluster near a con-
served stretch of lysines and arginines (K/R) (Fig. 6a and Extended
Data Fig. 6b). We hypothesize that phosphorylation fosters electro-
static interactions between the negatively charged phosphoserine
and phosphothreonine (pS/pT) and positively charged K/R residues.
This will constrain the otherwise disordered SMO cytoplasmic tail into
amore compact, ordered state conducive to forming secondary struc-
turesinthe PKA-C-bindinginterface, namely the Rll-like helix and the
PKI-like helix. Inthis manner, a phosphorylation-drivenintramolecular
electrostatic switch in SMO drives SMO-PKA-C interactions.

Several results support our proposed mechanism. First, MD
simulations show that pSMO residues form polar interactions with
nearby K/R residues (Fig. 6b and Extended Data Fig. 6¢) and posi-
tively charged lipid headgroups (Extended Data Fig. 6d). Second,
substitution of the SMO K/R residues (5KE) reduced PKA-C affin-
ity (Fig. 5d,e) and eliminated GLI reporter activation (Fig. 6¢ and
Extended DataFig. 6e), without blocking SMO expression, trafficking
or phosphorylation (Extended Data Fig. 5e,f). Third, HDX-MS of pSMO-
PKA-C versus SMO-PKA-C complexes (Supplementary Discussion 3)
revealed phosphorylation-dependent protection (>0.5 Da) in a peptide
comprising the majority of the SMO RII-like helix (residues 577-590)
and another comprising most of the SMO amphipathic helix 8 (resi-
dues 539-546) (Fig. 6d and Extended Data Figs. 5a and 7a-c), which
runs parallel to the membrane and lies just above the pS/pT and K/R
residues (Fig. 6a). Lastly, disulfide trapping between the SMO RII-like
helix (§570C or A574C) and the PKA-C hinge (G136C) is weaker when
SMO is not phosphorylated by GRK2/3 (trapping is 54.0% dependent
on phosphorylation for S570C) (Fig. 6e and Extended Data Fig. 7d),

directly demonstrating that phosphorylation stabilizes an essential
SMO-PKA-Cinterface.

In addition to these five GRK2/3-phosphorylated residues, SMO
contains three GRK2/3-phosphorylated residues C-terminal to the
pseudosubstrate motif. A similar arrangement occurs in the ryano-
dine receptor (RyR), a PKA-C substrate, where phosphorylation of
Ca®-calmodulin-dependent protein kinase 2 (CaMKII) sites C-terminal
to the PKA-C substrate motif (Extended Data Fig. 7e) enhances RyR-
PKA-C interactions by stabilizing PKA-C-interacting structural ele-
ments®. The corresponding region of SMO is strongly protected
upon GRK2/3 phosphorylation in HDX-MS studies, consistent with a
disorder-to-order transition, and this protection is enhanced when
PKA-C is present (Extended Data Fig. 7e,f), suggesting that GRK2/3
phosphorylation in this region may similarly enhance PKA-C interac-
tions. While our AlphaFold models are of limited confidence in this
SMOregion, they hint that these GRK2/3-phosphorylated residues may
help SMO wrap around PKA-C (Extended Data Fig. 7g). Accordingly, MD
simulations revealed SMO conformations that span abroad surface of
the PKA-C N-lobe (Extended Data Fig. 7h), potentially stabilizing the
SMO-PKA-C complex.

Thus, SMO phosphorylation promotesintramolecular and inter-
molecular electrostaticinteractions that stabilize conditionally folded
regions within the SMO cytoplasmic domain, thereby remodeling it
into a PKA-C-inhibiting conformation.

Structural mimicry of canonical GPCR-effector interactions
by the SMO-PKA-C complex

Beyond structural similarities of SMO to classical PKA-Cinhibitors (PKI
proteins and PKA-R subunits), the SMO-PKA-C complex structurally
mimics canonical GPCR-effector assemblies'*?>%, Comparing our
SMO-PKA-C model to one such assembly, the M2 muscarinic recep-
tor (M2AchR)-B-arrestin 1complex®® reveals an overall architectural
similarity (Fig. 7a), as well as similar contributions of the 7TM domain
and membrane lipids.

First,aregion of the SMO pCT, termed the reentrant loop (resi-
dues 602-609), inserts into a cavity at the intracellular face of the
7TM domain (Fig. 7b). In canonical GPCRs, this cavity opens upon
receptor activation to directly engage G proteins®”’°, GRKs”""?,
B-arrestins®®’>™ or conformation-specific nanobodies’>7
(Extended Data Fig. 8a). For SMO, in contrast, the cavity engages
PKA-Cindirectly, through thereentrantloop;binding of the reentrant
loop to the cavity is expected to draw the pCT inward, positioning
the pseudosubstrate motif and RllI-like helix to optimally bind to the
PKA-Chinge region and active-site cleft (Fig. 7b). Accordingly, dele-
tion of residues in the reentrant loop strongly inhibited GLI reporter
activation (Fig. 7c), without substantially affecting SMO expression,
ciliary trafficking or phosphorylation (Extended Data Fig. 5e,f).
Although AlphaFold’s pLDDT scores in this region (50-70) are mod-
est, theinteraction betweenthe SMO reentrantloop and 7TM cavity
remains throughout all-atom MD simulations (Fig. 7d) even in the
absence of PKA-C (root-mean-square deviation (r.m.s.d.) values of
4.55+0.99 Ainthe PKA-boundstate and 5.32 +1.51 Ainthe apo state;

Fig. 6| SMO phosphorylation generates structural elements that stabilize
the PKA-C complex. a, AlphaFold model of the SMO-PKA-C complex (SMO
inblue, PKA-Cin olive and white), with GRK2/3-phosphorylated S/T residues
(red) and conserved K/R residues highlighted in the SMO pCT. SMO helix 8 and
theRIl-like helix are indicated for orientation. b, Contact maps for GRK2/3-
phosphorylated residues (red; each columnis adistinct residue) and K/R residues
(blue, each rowis adistinct residue) in SMO intracellular regions, quantified
from MD simulations of the SMO-PKA-C complex. Contact occupancies during
the simulation (0-1, corresponding to 0-100%) were computed using the
getcontacts module (Methods).c, WT SMO or the SKE mutant (underlined K/R
residues substituted to E) were analyzed using a GLI transcriptional reporter
assay in Smo” MEFs, performed as in Fig. 5b. Data represent the mean +s.d.

(n=3independent biological replicates). d, Representative HDX-MS envelope
(t..=5min) of theindicated peptide in SMO helix 8 (residues 539-546) or the
RII-like helix (residues 577-590) in SMO-PKA-C (third row) versus pSMO-

PKA-C (fourth row). The deuterium uptake is shown for each spectrumto the

top right. Centroids areindicated by red dashed lines. e, Disulfide trapping

of PKA-C WT or G136C (in a (-)Cys construct) with phosphorylated versus
nonphosphorylated, SAG21k-bound SMO (pSMO versus SMO, respectively), asin
Fig.4e. Bottom, quantification of band intensity. Datarepresent the mean +s.d.
(n=3biological replicates). Representative gel image corresponding to disulfide
trapping of phosphorylated WT versus S570C mutant pSMO is shown in Fig. 4e.
**P<0.01,**P < 0.001and ***P < 0.0001. Full statistical analysis is presented in
Supplementary Table 4.
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Extended Data Fig. 8b), occurs in SMO-PKA-C complexes from multi-
pleorthologs (Fig. 2c) and persists even when the SMO 7TM domain
and reentrantloop are modeled as separate polypeptide sequences
(Extended DataFig. 8c). These results underscore how the SMO 7TM
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complexes with their effectors®®**”*”> (Extended Data Fig. 8d). In
GPCR-B-arrestin complexes, the ICLs can bind to several distinct
B-arrestin surfaces (Extended Data Fig. 8d), leading to a range of con-
formations that may enable diverse signaling outcomes'*?*””’8, The
SMO-PKA-C complex may exhibit similar conformational hetero-
geneity, as AlphaFold produces two classes of conformations of the
SMO-PKA-C complex, with the ICLs engaging distinct C-lobe inter-
faces (Extended Data Fig. 8d) involving the PKA-C aD-oE and aG-aH
loops (Fig. 7b, Extended Data Fig. 9a and Supplementary Discussion 2).
These binding interfaces resemble docking sites used by other PKA-C
interactors, such as PKA-R’s cyclic nucleotide-binding domains®***
and the cystic fibrosis transmembrane regulator channel”; further-
more, the xG-aHloop functionsas a hub for protein-proteininterac-
tions in many kinases®’. HDX-MS studies revealed strong protection
of aG-aH in the SMO-PKA-C complex compared to PKA-C alone
(Extended Data Fig. 9a), supporting the formation of this interface in
the SMO-PKA-C complex.

Third, our AlphaFold models suggest roles for lipids in stabiliz-
ing SMO-PKA-C interactions, similar to conventional GPCR-effector
complexes®®”#7% (Supplementary Discussion 6). HDX-MS studies
revealed protection of a PKA-C C-lobe region (residues 313-327)
oriented toward the membrane in the SMO-PKA-C complex (Fig. 7e
and Extended Data Fig. 9b), consistent with membrane engagement.
These interactions may be electrostatic in nature (Extended Data
Figs. 6d and 9c) or may derive from the PKA-C N-myristoyl group,
which may insert into the membrane as suggested by MD simulations
(Extended DataFig. 9d).

Lastly, HDX-MS measurements revealed that PKA-C binding favors
conformational changesin several regions of SMO that do not directly
contact thekinase, including TM5 and TM6 (Extended DataFig.10a), as
well as its sterol-binding extracellular cysteine-rich domain (CRD)*™
(Extended DataFig.10b). These conformational changes are reminis-
cent of the classical allosteric interactions described by the ternary
complex model of GPCR pharmacology, inwhichligand binding influ-
ences coupling to cytoplasmic partners and vice versa® ",

Overall, our findings illustrate how the SMO-PKA-C complex,
despite an entirely different molecular composition, mimics the
protein and lipid interfaces, as well as the allosteric conformational
changes, seen in canonical GPCR assemblies with their effectors.

A model for transmission of Hh signals by the SMO-PKA-C
complex

Onthebasis of our findings, we propose amodel for how Hhsignals are
transduced across the membrane by the SMO-PKA-C complex (Fig. 8).

In the pathway ‘off” state, SMO is inactive. As a result, the pCT is
not efficiently phosphorylated by GRK2/3, remains largely disordered
and cannot effectively engage PKA-C (Fig. 8, left).

Inthe pathway ‘on’state, Hh proteins bind to and inactivate PTCH1.
Consequently, SMO binds membrane sterols®?, favoring an active
SMO conformation'-*¢; this enables recognition and phosphoryla-
tion by GRK2/3 (Supplementary Discussion 7). SMO phosphorylation
stabilizes the pCT through intramolecular electrostatic contacts and
interactions with surroundinglipids, enabling formation of secondary
structures such as the Rll-like helix and the PKI-like helix that mimic
PKA-C-interacting regions in classical PKA inhibitors. This nucleates

the SMO-PKA-C interaction and binding of PKA-C provides positive
feedback to reinforce these structures, similar to the ‘folding upon
binding’ that occurs when other IDRs engage their specific targets®*"*%,
The SMO 7TM cavity stabilizes the SMO-PKA-C complex by bringing
the PKI-like and RIl-like helices closer together, while the SMO ICLs
and membrane lipids provide additional PKA-C-docking surfaces that
enhance SMO-PKA-C complex formation (Fig. 8, middle). These inter-
actions cooperate to facilitate insertion of the SMO inhibitor sequence
into PKA-C’s active site, whichinterrupts the enzyme’s catalytic cycle,
inhibiting GLI phosphorylation to ultimately elicit transcription of Hh
pathway target genes (Fig. 8, right).

Thus, SMO active-state-dependent phosphorylation remodels
SMOinto a‘parallel holoenzyme’, analogous to the PKA-R-PKA-C holo-
enzyme, that blocks PKA-C activity using principles borrowed from
canonical GPCR and kinase signaling assemblies.

Discussion

By merging computational modeling with HDX-MS, biochemical and
functional studies, we delineated a structural mechanism for a piv-
otal step in Hh signal transduction: how active SMO directly binds
and inhibits PKA-C to transmit Hh signals intracellularly. These find-
ings deepen our understanding of canonical Hh signaling throughout
development and disease and suggest broader principles relevant to
GPCRand kinase signaling, as discussed below. Our study was enabled
by AlphaFold**°**, which provided key structural snapshots of SMO’s
intrinsically disordered CT in its conditionally folded, PKA-C-bound
conformation. The AlphaFold model agrees with our computational
and experimental findings and can be docked into our low-resolution
cryo-EM map, suggesting that it depicts a physiological state of the
complex. While limitations and caveats apply to AlphaFold modeling
(Supplementary Discussion 8) and an atomic-resolution experimental
structure remains an important goal, our work highlights the power
of integrated computational and experimental approaches to probe
proteinassemblies that have eluded empirical structuralapproaches.
The strategy used here may be more broadly applicable to condition-
ally folding IDRs, a ubiquitous, essential and poorly understood class
of sequences” %2,

Ourworkreveals striking parallels between the SMO-PKA-C com-
plex and canonical GPCR and PKA signaling assemblies. Like PKA-R
subunits, SMO binds PKA-C by combining a central active-site-binding
inhibitor sequence with auxiliary elements contacting peripheral
kinase surfaces>***°. This mimicry is exemplified by the SMO RII-like
helix, which, in aremarkable example of evolutionary convergence,
uses nearly the same strategy to engage PKA-C as the PKA-RII B4-35
loop®, despite no discernible sequence or secondary-structure homol-
ogy.Inthe same vein, the SMO-PKA-C interaction echoesthe tripartite
architecture of canonical GPCR--arrestin complexes, which use the
receptor CT, intracellular 7TM surface and membrane lipids'*.

However, anotable distinctionbetween SMO and canonical GPCR
signaling complexes lies in how phosphorylation triggers effector
binding. Whereas GPCR-[3-arrestin complexes rely on insertion of a
phosphorylated receptor peptide into a preformed, positively charged
B-arrestin groove®®”*??, SMO phosphorylation induces a large-scale
rearrangement of the SMO CT into a partially ordered state defined
by PKA-C-interacting structural elements. This mechanism couples

Fig. 7| Structural mimicry of canonical GPCR-effector signaling complexes.
a, Comparison of the SMO-PKA-C model (left) with the M2AchR-B-arrestin1
structure (right). Locations of interaction sites in the CT (including the reentrant
loop), 7TM domain (including ICLs) and membrane are indicated in each
complex.b, The SMO 7TM interface. Residues in the aD-aE and aG-aH loops

of PKA-Cinteracting with SMO ICL domains are indicated. The reentrant loop
region of the SMO pCT (residues 602-609) is shown in red. ¢, GLI reporter assay
for theindicated deletionsin the SMO reentrant loop (b). Data represent the
mean +s.d. (n =3 independent biological replicates). d, Structural snapshots

ofthereentrantloop (green; residues 599-614) in the complex between pSMO
(blue) and PKA-C (olive) (one snapshot every 300 ns, 3 x 2 ps of simulation time).
Each frame s aligned on the SMO 7TM region. e, HDX-MS data for region of PKA-C
C-terminal to the ol helix (residues 313-327) inits apo (top), SMO-bound (middle)
or pSMO-bound (bottom) forms, determined at ¢, = 10 min and plotted asin
Fig.4d. Bimodal deconvolution of the PKA-C (residues 313-327) spectrum
revealed high-exchanging (blue) and low-exchanging (green) populations,
suggesting two noninterconverting states of the SMO-PKA-C complex.

**P < 0.01. Full statistical analysis is presented in Supplementary Table 4.
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GLI
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Fig. 8| A structural mechanism for Hh signal transduction by the SMO-PKA-C
complex. Left, in the Hh pathway off state, SMO (blue) is inactive, with its pCT
largely disordered (indicated by wavy lines) and unable to effectively engage
PKA-C (orange) because of insufficient phosphorylation by GRK2/3. Middle, in
the Hh pathway on state, inhibition of PTCH1 (not shown) enables sterols (gray)
to bind the SMO extracellular and 7TM domains, leading to SMO activation

and phosphorylation by GRK2/3. This stabilizes secondary structures (PKI-like

On

Hh pathway
target genes

@
-
@
[y
v

and RlIl-like helices) in the pCT and enables SMO to form a complex with PKA-C.
PKA-Cbinding reinforces the SMO pCT secondary structures, further enhancing
complex formation. Right, the SMO inhibitor sequence (blue wedge) enters

the PKA-Cactive site tointerrupt PKA-C’s catalytic cycle. Consequently, GLIis
released from phosphorylation-induced inhibition, leading to the transcription
of Hh pathway target genes.

SMO activation to PKA-C binding while also exploiting well-established
PKA-C docking motifs***>**, The GRK2/3-phosphorylated SMO residues
may directly stabilize the Rll-like helix, as suggested by their proximity
toK/Rresiduesinor near this helix. Alternatively, interactions between
GRK2/3 phosphorylationsites and K/R residues may facilitate the fold-
ing of the SMO pCT by stabilizing key intermediates, similar to other
phosphorylated IDRs***%,

Beyond defining the SMO-PKA-C complexin structural terms, our
work raises several broader questions regarding SMO-GLI communi-
cation that can be addressed in future studies, including whether the
SMO-PKA-C mechanismis evolutionarily conserved, how pseudosub-
strate bindingintegrates with other regulatory mechanisms of PKAin
cells, whether scaffolds contribute to SMO-PKA-C binding in ciliaand
how SMO activation coordinates additional steps in GLI activation such
as phosphorylation by GLI-activating kinases (Supplementary Discus-
sion 9). Blocking the SMO-PKA-C interfaces characterized here may
also provide a therapeutic strategy to thwart ectopic Hh signaling in
cancers, especially when resistance to SMO orthostericsite inhibitors
develops’””. Beyond Hh signaling, our study has general implications
forkinases and GPCRs. How PKA-C recognizes full-length physiological
substrates remains unclear, as existing structures have largely focused
onshort peptides®*”*?°, Our study suggests that substrate IDRs, where
most kinase phosphorylation motifs reside!*°'?, facilitate substrate
recognition by forming transient PKA-C-interacting elements similar to
the SMO IDR. The SMO-PKA-C complex also provides amodel to study
structural interplay between GRK and PKA phosphorylation on GPCRs,
awidespread but poorly understood regulatory mechanism'**7'%,
Lastly, GRK phosphorylation-induced remodeling of GPCR IDRs may
operate broadly throughout the GPCR superfamily to enable interac-
tions with conventional'®® or unconventional effectors, leading to
an expanded array of regulatory complexes, signaling outputs and
biological outcomes. Understanding and controlling these processes
across GPCRs represent exciting future challenges.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

and competinginterests; and statements of data and code availability
areavailable at https://doi.org/10.1038/s41594-026-01800-z.

References

1. Pierce, K. L., Premont, R. T. & Lefkowitz, R. J.
Seven-transmembrane receptors. Nat. Rev. Mol. Cell Biol. 3,
639-650 (2002).

2. Taylor, S.S., llouz, R., Zhang, P. & Korney, A. P. Assembly of
allosteric macromolecular switches: lessons from PKA. Nat. Rev.
Mol. Cell Biol. 13, 646-658 (2012).

3. Low, W.-C. et al. The decoupling of Smoothened from Go;
proteins has little effect on Gli3 protein processing and
Hedgehog-regulated chick neural tube patterning. Dev. Biol. 321,
188-196 (2008).

4. Regard, J. B. et al. Activation of Hedgehog signaling by loss of
GNAS causes heterotopic ossification. Nat. Med. 19, 1505-1512
(2013).

5. Nguyen, T. D., Konjikusic, M. J., Castillo, L. D. & Reiter, J. F.
Smoothened inhibition of PKA at cilia transduces Hedgehog
signals. Preprint at bioRxiv https://doi.org/10.1101/
2025.04.01.646243 (2025).

6. Myers, B.R. et al. Hedgehog pathway modulation by multiple lipid
binding sites on the smoothened effector of signal response. Dev.
Cell 26, 346-357 (2013).

7. Byrne, E. F. X. et al. Structural basis of Smoothened regulation by
its extracellular domains. Nature 535, 517-522 (2016).

8. Luchetti, G. et al. Cholesterol activates the G-protein coupled
receptor Smoothened to promote Hedgehog signaling. eLife 5,
20304 (2016).

9. Nachtergaele, S. et al. Structure and function of the Smoothened
extracellular domain in vertebrate Hedgehog signaling. eLife 2,
01340 (2013).

10. Nedelcu, D., Liy, J., Xu, Y., Jao, C. & Salic, A. Oxysterol binding to
the extracellular domain of Smoothened in Hedgehog signaling.
Nat. Chem. Biol. 9, 557-564 (2013).

1. Deshpande, I. et al. Smoothened stimulation by membrane
sterols drives Hedgehog pathway activity. Nature 571, 284-288
(2019).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-026-01800-z
https://doi.org/10.1101/2025.04.01.646243
https://doi.org/10.1101/2025.04.01.646243

Article

https://doi.org/10.1038/s41594-026-01800-z

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

Myers, B. R., Neahring, L., Zhang, VY., Roberts, K. J. & Beachy, P. A.
Rapid, direct activity assays for Smoothened reveal Hedgehog
pathway regulation by membrane cholesterol and extracellular
sodium. Proc. Natl Acad. Sci. USA 114, E11141-E11150 (2017).
Arveseth, C. D. et al. Smoothened transduces Hedgehog signals
via activity-dependent sequestration of PKA catalytic subunits.
PLoS Biol. 19, e3001191 (2021).

Happ, J. T. et al. A PKA inhibitor motif within Smoothened controls
Hedgehog signal transduction. Nat. Struct. Mol. Biol. 29, 990-999
(2022).

Walker, M. F. et al. GRK2 kinases in the primary cilium initiate
Smoothened-PKA signaling in the Hedgehog cascade. PLoS Biol.
22, 3002685 (2024).

Hilgendorf, K. I., Myers, B. R. & Reiter, J. F. Emerging mechanistic
understanding of cilia function in cellular signalling. Nat. Rev. Mol.
Cell Biol. 25, 555-573 (2024).

Mill, P., Christensen, S. T. & Pedersen, L. B. Primary cilia as
dynamic and diverse signalling hubs in development and disease.
Nat. Rev. Genet. 24, 421-441(2023).

Gigante, E. D. & Caspary, T. Signaling in the primary cilium
through the lens of the Hedgehog pathway. Wiley Interdiscip. Rev.
Dev. Biol. 9, €377 (2020).

Wingler, L. M. & Lefkowitz, R. J. Conformational basis of G
protein-coupled receptor signaling versatility. Trends Cell Biol.
30, 736-747 (2020).

Chen, Q. & Tesmer, J. J. G. G protein-coupled receptor interactions
with arrestins and GPCR kinases: the unresolved issue of signal
bias. J. Biol. Chem. 298, 102279 (2022).

Maharana, J., Banerjee, R., Yadav, M. K., Sarma, P. & Shukla, A. K.
Emerging structural insights into GPCR-3-arrestin interaction

and functional outcomes. Curr. Opin. Struct. Biol. 75, 102406
(2022).

Kang, D. S., Tian, X. & Benovic, J. L. Role of B-arrestins and arrestin
domain-containing proteins in G protein-coupled receptor
trafficking. Curr. Opin. Cell Biol. 27, 63-71(2014).

Zhao, Z. et al. An essential role for Grk2 in Hedgehog signalling
downstream of Smoothened. EMBO Rep. 17, 739-752 (2016).
Pusapati, G. V. et al. G protein-coupled receptors control the
sensitivity of cells to the morphogen Sonic Hedgehog. Sci. Signal.
11, eaa05749 (2018).

Bosakova, M. et al. Mutations in GRK2 cause Jeune syndrome by
impairing Hedgehog and canonical Wnt signaling. EMBO Mol.
Med. 12, e11739 (2020).

Philipp, M. et al. Smoothened signaling in vertebrates is
facilitated by a G protein-coupled receptor kinase. Mol. Biol. Cell
19, 5478-5489 (2008).

Weis, W. |. & Kobilka, B. K. The molecular basis of G
protein-coupled receptor activation. Annu. Rev. Biochem. 87,
897-919 (2018).

Taylor, S. S. et al. From structure to the dynamic regulation of a
molecular switch: a journey over 3 decades. J. Biol. Chem. 296,
100746 (2021).

Taylor, S. S., Herberg, F. W., Veglia, G. & Wu, J. Edmond Fischer’s
kinase legacy: history of the protein kinase inhibitor and protein
kinase A. IUBMB Life 75, 311-323 (2023).

Taylor, S. S., Zhang, P., Steichen, J. M., Keshwani, M. M. &

Korneyv, A. P. PKA: lessons learned after twenty years. Biochim.
Biophys. Acta 1834, 1271-1278 (2013).

Dalton, G. D. & Dewey, W. L. Protein kinase inhibitor peptide (PKI):
a family of endogenous neuropeptides that modulate neuronal
cAMP-dependent protein kinase function. Neuropeptides 40,
23-34 (2006).

Olivieri, C. et al. Multi-state recognition pathway of the intrinsically
disordered protein kinase inhibitor by protein kinase A. eLife 9,
e55607 (2020).

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47,

48.

49.

50.

51.

52.

53.

54.

56.

Scott, J. D., Glaccum, M. B., Fischer, E. H. & Krebs, E. G.
Primary-structure requirements for inhibition by the heat-stable
inhibitor of the cAMP-dependent protein kinase. Proc. Natl Acad.
Sci. USA 83, 1613-1616 (1986).

Kim, C., Xuong, N.-H. & Taylor, S. S. Crystal structure of a complex
between the catalytic and regulatory (Rla) subunits of PKA.
Science 307, 690-696 (2005).

Zhang, P. et al. Structure and allostery of the PKA RII3 tetrameric
holoenzyme. Science 335, 712-716 (2012).

Venkatakrishnan, A. J. et al. Structured and disordered facets of
the GPCR fold. Curr. Opin. Struct. Biol. 27, 129-137 (2014).

Bah, A. & Forman-Kay, J. D. Modulation of intrinsically disordered
protein function by post-translational modifications. J. Biol. Chem.
291, 6696-6705 (2016).

Wright, P. E. & Dyson, H. J. Intrinsically disordered proteins in
cellular signalling and regulation. Nat. Rev. Mol. Cell Biol. 16,
18-29 (2015).

Holehouse, A. S. & Kragelund, B. B. The molecular basis for
cellular function of intrinsically disordered protein regions.

Nat. Rev. Mol. Cell Biol. 25, 187-211 (2024).

Flock, T., Weatheritt, R. J., Latysheva, N. S. & Babu, M. M.
Controlling entropy to tune the functions of intrinsically
disordered regions. Curr. Opin. Struct. Biol. 26, 62-72

(2014).

Sadler, F. et al. Autoregulation of GPCR signalling through the
third intracellular loop. Nature 615, 734-741 (2023).

Heng, J. et al. Function and dynamics of the intrinsically
disordered carboxyl terminus of (3, adrenergic receptor.

Nat. Commun. 14, 2005 (2023).

Wang, C. et al. Structure of the human Smoothened receptor
bound to an antitumour agent. Nature 497, 338-343 (2013).
Wang, C. et al. Structural basis for Smoothened receptor
modulation and chemoresistance to anticancer drugs.

Nat. Commun. 5, 4355 (2014).

Qi, X., Friedberg, L., De Bose-Boyd, R., Long, T. & Li, X. Sterols in
an intramolecular channel of Smoothened mediate Hedgehog
signaling. Nat. Chem. Biol. 16, 1368-1375 (2020).

Qi, X. et al. Cryo-EM structure of oxysterol-bound human
Smoothened coupled to a heterotrimeric G,. Nature 571, 279-283
(2019).

Alderson, T. R., PritiSanac, I., Kolari¢, D, Moses, A. M. &
Forman-Kay, J. D. Systematic identification of conditionally folded
intrinsically disordered regions by AlphaFold2. Proc. Natl Acad.
Sci. USA 120, 2304302120 (2023).

Piovesan, D., Monzon, A. M. & Tosatto, S. C. E. Intrinsic protein
disorder and conditional folding in AlphaFoldDB. Protein Sci. 31,
e4466 (2022).

Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

Tunyasuvunakool, K. et al. Highly accurate protein structure
prediction for the human proteome. Nature 596, 590-596 (2021).
Evans, R. et al. Protein complex prediction with AlphaFold-Multimer.
Preprint at bioRxiv https://doi.org/10.1101/2021.10.04.463034
(2021).

Abramson, J. et al. Accurate structure prediction of biomolecular
interactions with AlphaFold 3. Nature 630, 493-500 (2024).
Knighton, D. R. et al. Structure of a peptide inhibitor bound to the
catalytic subunit of cyclic adenosine monophosphate-dependent
protein kinase. Science 253, 414-420 (1991).

Kim, C., Cheng, C. Y., Saldanha, S. A. & Taylor, S. S. PKA-I
holoenzyme structure reveals a mechanism for cAMP-dependent
activation. Cell130, 1032-1043 (2007).

Guo, H.-B. et al. AlphaFold2 models indicate that protein
sequence determines both structure and dynamics. Sci. Rep. 12,
10696 (2022).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.1101/2021.10.04.463034

Article

https://doi.org/10.1038/s41594-026-01800-z

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

Mariani, V., Biasini, M., Barbato, A. & Schwede, T. IDDT: a local
superposition-free score for comparing protein structures

and models using distance difference tests. Bioinformatics 29,
2722-2728 (2013).

First, E. A. & Taylor, S. S. Induced interchain disulfide bonding in
cAMP-dependent protein kinase Il. J. Biol. Chem. 259, 4011-4014
(1984).

First, E. A., Bubis, J. & Taylor, S. S. Subunit interaction

sites between the regulatory and catalytic subunits of
cAMP-dependent protein kinase. Identification of a specific
interchain disulfide bond. J. Biol. Chem. 263, 5176-5182 (1988).
Knape, M. J. et al. Divalent metal ions control activity and
inhibition of protein kinases. Metallomics 9, 1576-1584 (2017).
Narayana, N., Cox, S., Nguyen-huu, X., Ten Eyck, L. F. & Taylor, S. S.
A binary complex of the catalytic subunit of cAMP-dependent
protein kinase and adenosine further defines conformational
flexibility. Structure 5, 921-935 (1997).

Anand, G. S. et al. Identification of the protein kinase A regulatory
Rlo—catalytic subunit interface by amide H/?H exchange and
protein docking. Proc. Natl Acad. Sci. USA 100, 13264-13269
(2003).

Mandell, J. G., Falick, A. M. & Komives, E. A. Identification of
protein-protein interfaces by decreased amide proton solvent
accessibility. Proc. Natl Acad. Sci. USA 95, 14705-14710 (1998).
Pan, Y., Brown, L. & Konermann, L. Hydrogen/deuterium exchange
mass spectrometry and optical spectroscopy as complementary
tools for studying the structure and dynamics of a membrane
protein. Int. J. Mass Spectrom. 302, 3-11 (2011).

Sheetz, J. B., Lemmon, M. A. & Tsutsui, Y. Dynamics of protein
kinases and pseudokinases by HDX-MS. Methods Enzymol. 667,
303-338(2022).

Varjosalo, M., Li, S.-P. & Taipale, J. Divergence of Hedgehog signal
transduction mechanism between Drosophila and mammals. Dev.
Cell10,177-186 (2006).

Kim, J., Kato, M. & Beachy, P. A. Gli2 trafficking links
Hedgehog-dependent activation of Smoothened in the primary
cilium to transcriptional activation in the nucleus. Proc. Natl Acad.
Sci. USA 106, 21666-21671(2009).

Haji-Ghassemi, O., Yuchi, Z. & Van Petegem, F. The cardiac
ryanodine receptor phosphorylation hotspot embraces PKA in

a phosphorylation-dependent manner. Mol. Cell 75, 39-52.e4
(2019).

Staus, D. P. et al. Structure of the M2 muscarinic
receptor-B-arrestin complex in a lipid nanodisc. Nature 579,
297-302 (2020).

Rasmussen, S. G. F. et al. Crystal structure of the (3, adrenergic
receptor-G; protein complex. Nature 477, 549-555 (2011).
Manglik, A. & Kruse, A. C. Structural basis for G protein-coupled
receptor activation. Biochemistry 56, 5628-5634 (2017).

Chen, Q. et al. Structures of rhodopsin in complex with
G-protein-coupled receptor kinase 1. Nature 595, 600-605
(2021).

Duan, J. et al. GPCR activation and GRK2 assembly by a biased
intracellular agonist. Nature 620, 676-681(2023).

Huang, W. et al. Structure of the neurotensin receptor 1in
complex with B-arrestin 1. Nature 579, 303-308 (2020).

Lee, Y. et al. Molecular basis of 3-arrestin coupling to
formoterol-bound 3;-adrenoceptor. Nature 583, 862-866 (2020).
Rasmussen, S. G. F. et al. Structure of a nanobody-stabilized
active state of the 3, adrenoceptor. Nature 469, 175-180 (2011).
Manglik, A., Kobilka, B. K. & Steyaert, J. Nanobodies to study G
protein-coupled receptor structure and function. Annu. Rev.
Pharmacol. Toxicol. 57, 19-37 (2017).

Hilger, D., Masureel, M. & Kobilka, B. K. Structure and dynamics of
GPCR signaling complexes. Nat. Struct. Mol. Biol. 25, 4-12 (2018).

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

80.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Maharana, J. et al. Molecular insights into atypical modes of
B-arrestin interaction with seven transmembrane receptors.
Science 383, 101-108 (2024).

Fiedorczuk, K. et al. The structures of protein kinase A in
complex with CFTR: mechanisms of phosphorylation

and noncatalytic activation. Proc. Natl Acad. Sci. USA 121,
2409049121 (2024).

Pearce, L. R., Komander, D. & Alessi, D. R. The nuts and bolts of
AGC protein kinases. Nat. Rev. Mol. Cell Biol. 11, 9-22 (2010).
Janetzko, J. et al. Membrane phosphoinositides regulate
GPCR-B-arrestin complex assembly and dynamics. Cell 185,
4560-4573.e19 (2022).

Lally, C. C. M., Bauer, B., Selent, J. & Sommer, M. E. C-edge loops
of arrestin function as a membrane anchor. Nat. Commun. 8,
14258 (2017).

Marrari, Y., Crouthamel, M., Irannejad, R. & Wedegaertner, P. B.
Assembly and trafficking of heterotrimeric G proteins.
Biochemistry 46, 7665-7677 (2007).

Higgins, J. B. & Casey, P. J. The role of prenylation in G-protein
assembly and function. Cell. Signal. 8, 433-437 (1996).

Thakur, N. et al. Anionic phospholipids control mechanisms of
GPCR-G protein recognition. Nat. Commun. 14, 794 (2023).
Strohman, M. J. et al. Local membrane charge regulates 3,
adrenergic receptor coupling to G;. Nat. Commun. 10,

2234 (2019).

De Lean, A., Stadel, J. M. & Lefkowitz, R. J. A ternary complex
model explains the agonist-specific binding properties of the
adenylate cyclase-coupled beta-adrenergic receptor. J. Biol.
Chem. 255, 7108-7117 (1980).

Gurevich, V. V., Pals-Rylaarsdam, R., Benovic, J. L., Hosey, M. M. &
Onorato, J. J. Agonist-receptor-arrestin, an alternative ternary
complex with high agonist affinity. J. Biol. Chem. 272, 28849~
28852 (1997).

DeVree, B. T. et al. Allosteric coupling from G protein to the
agonist-binding pocket in GPCRs. Nature 535, 182-186 (2016).
Huang, S. K. et al. Delineating the conformational landscape of
the adenosine A2A receptor during G protein coupling. Cell 184,
1884-1894.e14 (2021).

Manglik, A. et al. Structural insights into the dynamic process of
B,-adrenergic receptor signaling. Cell 161, 1101-1111 (2015).
Lemke, E. A. et al. Intrinsic disorder: a term to define the specific
physicochemical characteristic of protein conformational
heterogeneity. Mol. Cell 84, 1188-1190 (2024).

Shukla, A. K. et al. Structure of active 3-arrestin-1boundto a
G-protein-coupled receptor phosphopeptide. Nature 497,
137-141 (2013).

Bah, A. et al. Folding of an intrinsically disordered protein by
phosphorylation as a regulatory switch. Nature 519, 106-109
(2015).

Sugase, K., Dyson, H. J. & Wright, P. E. Mechanism of coupled
folding and binding of an intrinsically disordered protein. Nature
447,1021-1025 (2007).

Atwood, S. X., Chang, A. L. S. & Oro, A. E. Hedgehog pathway
inhibition and the race against tumor evolution. J. Cell Biol. 199,
193-197 (2012).

Pak, E. & Segal, R. A. Hedgehog signal transduction: key
players, oncogenic drivers, and cancer therapy. Dev. Cell 38,
333-344 (2016).

Bastidas, A. C. et al. Phosphoryl transfer by protein kinase A is
captured in a crystal lattice. J. Am. Chem. Soc. 135, 4788-4798
(2013).

Zheng, J. et al. 2.2 A refined crystal structure of the catalytic
subunit of cAMP-dependent protein kinase complexed with
MnATP and a peptide inhibitor. Acta Crystallogr. D 49, 362-365
(1993).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-026-01800-z

100. lakoucheva, L. M. et al. The importance of intrinsic disorder for
protein phosphorylation. Nucleic Acids Res. 32, 1037-1049 (2004).

101. Darling, A. L. & Uversky, V. N. Intrinsic disorder and
posttranslational modifications: the darker side of the biological
dark matter. Front. Genet. 9, 158 (2018).

102. Collins, M. O., Yu, L., Campuzano, |., Grant, S. G. N. &
Choudhary, J. S. Phosphoproteomic analysis of the mouse brain
cytosol reveals a predominance of protein phosphorylation in
regions of intrinsic sequence disorder. Mol. Cell. Proteomics 7,
1331-1348 (2008).

1083. Vayttaden, S. J. et al. Quantitative modeling of GRK-mediated
B2AR regulation. PLoS Comput. Biol. 6, e1000647 (2010).

104. Rajagopal, S. & Shenoy, S. K. GPCR desensitization: acute and
prolonged phases. Cell. Signal. 41, 9-16 (2018).

105. Kelly, E., Bailey, C. P. & Henderson, G. Agonist-selective mechanisms
of GPCR desensitization. Br. J. Pharmacol. 1563, S379-S388 (2008).

106. Guillien, M. et al. Phosphorylation motif dictates GPCR C-terminal
domain conformation and arrestin interaction. Structure 31,
1394-1406 (2023).

107. Humpbhries, K. M., Juliano, C. & Taylor, S. S. Regulation of
cAMP-dependent protein kinase activity by glutathionylation.
J. Biol. Chem. 277, 43505-43511(2002).

108. Kim, J. et al. The role of ciliary trafficking in Hedgehog receptor
signaling. Sci. Signal. 8, ra55 (2015).

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2026

'Department of Oncological Sciences, Huntsman Cancer Institute, University of Utah School of Medicine, Salt Lake City, UT, USA. 2Department of
Biochemistry, University of Utah School of Medicine, Salt Lake City, UT, USA. ®Department of Bioengineering, University of Utah, Salt Lake City, UT, USA.
“Department of Chemistry, Pennsylvania State University, University Park, PA, USA. *Department of Pharmacology, University of California, San Diego,

La Jolla, CA, USA. ®Research Programme on Biomedical Informatics (GRIB), Hospital del Mar Medical Research Institute (IMIM) and Pompeu Fabra
University (UPF), Barcelona, Spain. “InterAx Biotech AG, Villigen, Switzerland. ®Department of Biochemistry, Institute for Biology, University of Kassel,
Kassel, Germany. °Department of Cellular and Molecular Pharmacology, University of California, San Francisco, San Francisco, CA, USA. °Department
of Molecular and Cellular Physiology, Stanford University School of Medicine, Stanford, CA, USA. "The Huck Institutes of the Life Sciences, Pennsylvania
State University, University Park, PA, USA. ZInstitute for Cancer Research, Fox Chase Cancer Center, Philadelphia, PA, USA. ®*Department of Biochemistry
and Molecular Biophysics, University of California, San Diego, La Jolla, CA, USA. “Present address: Idaho College of Osteopathic Medicine, Meridian,

ID, USA. ®Present address: Program in Cell and Molecular Biology, Duke University School of Medicine, Durham, NC, USA. "®Present address: Medical
Scientist Training Program, Washington University School of Medicine, St. Louis, MO, USA. "These authors contributed equally: William P. Steiner,

Nathan Iverson, Guibing Liu, Varun Venkatakrishnan, Jian Wu, Tomasz Maciej Stepniewski, Zachary Michaelson.

staylor@ucsd.edu; benjamin.myers@hci.utah.edu

e-mail: roland.dunbrack@fccc.edu;

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:roland.dunbrack@fccc.edu
mailto:staylor@ucsd.edu
mailto:benjamin.myers@hci.utah.edu

Article

https://doi.org/10.1038/s41594-026-01800-z

Methods

AlphaFold modeling

AlphaFold 2.3.0 modeling was performed with localcolabfold (https://
github.com/YoshitakaMo/localcolabfold)'*® ona Dell Alienware desk-
top machine withanRTX4090 GPU of 24 GB. We produced 50 models
with tenseeds and all five AlphaFold 2.3.0 weight sets without the use
of templates from the Protein Data Bank (PDB). This was performed
for various constructs (for example, full-length mouse SMO and
various truncations, as well as sequences from different species).
Asample command is as follows: colabfold_batch --model-type alpha-
fold2_multimer_v3--zip --sort-queries-by none --amber --use-gpu-relax
--num-seeds 10 --num-recycle 10 --recycle-early-stop-tolerance 1.0
smo_pka.fasta SMO/>SMO.out

Structures were ranked with the default function in Colabfold
(0.8 xipTM + 0.2 x pTM). Structures were visualized in PyMOL (ver-
sion 2.5; Schrodinger).

AlphaFold3 models were obtained from the AlphaFold3 server
(https://golgi.sandbox.google.com/), which was the only form of Alpha-
Fold3 available at the time. For models with PKA-C, two Mg? ions and
ATP were included as ligands. Phosphorylation sites were manually
entered using the PTM option on the server. Models were produced
of complexes of phosphorylated mouse PKA-C (pT197 and pS338)
and phosphorylated mouse SMO (GRK2/3 sites: pS560, pS594, pT597,
pS599, pS642, pT644 and pT648), along with non-GRK2/3 sites S578
and S666, all described previously®, as well as pSé615, identified and
described here (Extended Data Fig. 6a). Five random seeds were used
(by submitting identical jobs five times) for a total of 25 models for
each construct. The models were ranked by pairwise ipTM scores of
PKA-C and SMO, with the top-scoring model analyzed and discussed
inthe Results.

Asdiscussed above, AlphaFold 2.3.0 produced two distinct orien-
tations of the GPCR domain of SMO withrespect to the kinase domain
of PKA-C, which we designated confl and conf2. The top ipTM scores
of confland conf2 were 0.84 and 0.80, respectively. AlphaFold3 mod-
els most closely resembled confl AlphaFold 2.3.0 models. The high-
est scoring AlphaFold3 model had a chain_pair_ipTM of 0.78 for the
SMO-PKA-Cinteraction.

For clarity, the sequences of the highly disordered mouse
SMO N terminus (residues 1-64) and distal CT (residues 675-793) were
removed from the structural models in the figure panels.

AlphaFold models discussed in this manuscript are available for
download from Zenodo (https://doi.org/10.5281/zenod0.13826712)""°.

Molecular biology

For SMO protein expression and purification, FLAG-tagged mouse
SMO (residues 64-674, with N-terminal HA signal sequence, FLAG
tags and TEV protease site) and FLAG-SMOACT (as above, but with
SMO residues 64-566) in pVLAD6 were described previously™*"”. For
expression and purification of the soluble SMO pCT, we used the
PHTSHP vector as previously described™. For GLI reporter assays,
full-length mouse SMO in the pGEN vector with C-terminal his and
Myc tags was described previously®*™. For ciliary localization stud-
ies, FLAG-SMO-nanoluc-IRES-mNG3k/pEF5-FRT-hygro was previously
described®. N-terminally His-tagged GRK2/pFastBac™ and mouse
PKA-C in pRSET-b" were previously described. A minimal-cysteine
((-)Cys) PKA-C construct (PKA-C-C199A) was used as the background
to introduce the PKA-C G137C substitution. Mutant DNA constructs
in the above vectors were prepared in-house by Gibson assembly or
commercially (Epoch Life Sciences) and verified by Sanger and/or
next-generation sequencing before use.

Cell culture and transfections

HEK293 suspension cells were cultured and transfected or BacMam-
infected as previously described ™. Smo” mouse embryonic fibro-
blasts (MEFs) were cultured and transiently transfected as previously

described™ ™. NIH3T3 Flp-in cells were cultured and stably transfected
by Flp-inintegration, as previously described”.

Small molecules, antibodies and other reagents

SAG21k was obtained from BioTechne. Vismodegib was obtained
from LC Laboratories (V-4050). KAADcyc was obtained from Toronto
Research Chemicals (K171000). Cmpd101 was obtained from Hello
Bio (HB2840). Diamide was obtained from Sigma-Aldrich (D3648).
BS3 was obtained from BioVision (2327-50). EDC (1-ethyl-3-[3-
dimethylaminopropyllcarbodiimide hydrochloride) was obtained
from G Biosciences (BC25-5). Sulfo-NHS (N-Hydroxysulfosuccinimide,
sodium salt) was obtained from Cayman (20680). Control or ShhN
conditioned medium was prepared as previously described"?. The
following antibodies were used in this study: mouse anti-FLAG M2
(Sigma, F3165), rat anti-Arl13b (BiCell Scientific, 90413), rabbit
anti-acetylated tubulin (Enzo Life Sciences, BML-SA452-0100), rab-
bit anti-pSMO" (7TM Antibodies, 7TM0239A) and mouse anti-Myc
(clone 4A6, Millipore 05-724). Alexa-conjugated (Thermo Fisher)
or horseradish-peroxidase-conjugated (Promega) secondary anti-
bodies were used for immunofluorescence or western blotting
detection, respectively.

Protein purification and in vitro phosphorylation

To obtained pSMO, FLAG-SMO was expressed in HEK293 Freestyle
or HEK293 GnTI cells, along with GRK2-eGFP, using the BacMam
approachinthepresence of 10 mMsodium butyrate and 1 pM SAG21k
and purified by FLAG affinity chromatography and gel-filtration chro-
matography, followed by in vitro GRK2 phosphorylation as previously
described”. To obtain nonphosphorylated SMO, we followed the same
procedure except that (1) SMO inverse agonist vismodegib was used in
place of SMO agonist SAG21k during expression and purificationand (2)
the GRK2 coexpressionand GRK2in vitro phosphorylation steps were
omitted, as previously described”. The soluble SMO pCT was expressed
and purified from Escherichia coliby sequential Ni-NTA affinity, SUMO
tag cleavage, reverse Ni-NTA, cation exchange and gel filtration as
previously described", with the following modifications: (1) E. coliwas
growninLBratherthan TB; (2) expressionwasinduced by adding IPTG
andincubatingthecellsat30 °Cfor 5 h; and (3) the SUMO tag cleavage
and overnight 4 °C dialysis steps were combined. MSP1E3D1 scaffold
protein was expressed and purified as previously described™.

His-tagged GRK2 was expressed in High Five cells by baculovirus
and purified by Ni-NTA affinity chromatography and gel-filtration
chromatography as previously described™".

WT, nonmyristoylated mouse PKA-C was used for HDX-MS and
disulfide-trapping studies; it was expressed in E. coli and purified by
IP20 chromatography as previously described"*"*. SPR studies used
myristoylated PKA-C, which was prepared by coexpression with yeast
N-myristoyltransferase in E. coli BL21(DE3) cells as described previ-
ously™. A K7C substitution was introduced into PKA-C to increase
myristoylation efficiency in E. coli, as described previously”*'”, and
myristoylated PKA-C was purified by IP20 chromatography. To con-
firm myristoylation, IP20 purified PKA-C was run over a MonoS col-
umnand eluted protein samples were dialyzed into buffer containing
20 mM KH,PO, pH 6.5, 50 mM KCIl and 1 mM TCEP and submitted to
the Molecular MS Facility at University of California, San Diego. Intact
protein analysis was performed by using an Agilent 6230 time-of-flight
MS (TOFMS) instrument coupled with an Agilent 1260 liquid chroma-
tography (LC) system. The Jet Stream electrospray ionization source
was operated under positiveionmode with the following parameters:
capillary voltage, 3,500 V; fragmentor voltage, 175 V; drying gas tem-
perature, 325 °C; sheath gas temperature, 325 °C; drying gas flow rate,
10 L min™; sheath gas flow rate, 10 L min™; nebulizer pressure, 40 psi.
The chromatographic separation was performed at room tempera-
ture on a Phenomenex Aeris wide-pore C-4 column (inner diameter:
2.1 mm; length: 50 mm; particle size: 3.6 um). Mobile phase A was
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high-performance LC (HPLC)-grade water with 0.1% TFA and mobile
phase Bwas HPLC-grade acetonitrile with 0.1% TFA. The mobile phase
was delivered at a rate of 0.3 ml min™ under gradient conditions as
follows: increase from 5% mobile phase B to 90% mobile phase B in
12 min, hold at 90% mobile phase B for 2 min, return to 5% mobile phase
Bin1minand equilibration with 5% mobile phase B for 7 min. Agilent
MassHunter software was used for data acquisition and analysis.

SPRstudies
For SPR studies, SMO was reconstituted into biotinylated MSP1E3D1
nanodiscs using a minor modification of previously published
procedures'™, summarized below. His-tagged MSP1E3D1 scaffold pro-
tein biotinylated as previously described™ except that a 1:10 molar
ratio of MSPE3D1 to NHS-biotin was used and the extent of biotinyla-
tion was assessed by monitoring capture of biotinylated MSPE3D1 on
streptavidin magnetic beads (Thermo Fisher, 88816). SMO proteins
were subjected to in vitro phosphorylation and purification as previ-
ously described®, except that we eliminated the gel-filtration step
following FLAG purification of the GRK2 phosphorylation reaction
and proceeded directly to nanodisc reconstitution. Nanodiscs were
assembled using a1:10:857:2,571 molar ratio of SMO, MSP1E3D1, lipid
and cholate, respectively, in 1x HEPES-NaCI-EDTA (HNE) buffer. A lipid
mixture consisting of 92 mol% 3:2 POPC and POPG and 8 mol% choles-
terol (dissolved in chloroform) was placed in a borosilicate tube and
driedunderastreamof N, gas to eliminate chloroform, followed by al-h
vacuum desiccation at room temperature. Subsequently, sodium cho-
late was introduced to the lipid mixture, followed by bath sonication
for 10 min. Upon addition of water, an additional 5 min of sonication
was performed to ensure complete lipid dissolution. Then, 20x HNE
buffer (400 mM HEPES, 2000 mM NaCland 20 mM EDTA), MSP1E3D1
proteinand SMO were added to the lipid mixture and incubated for 3 h
at4 °C.Detergent removal was achieved by adding Bio-Beads (Bio-Rad)
ataconcentration of 14.5 mg per 100-pl reaction volume, followed by
overnightrotationat4 °C. The reconstituted SMO was supplemented
with5 mM CaCl,and applied to an M1 FLAG affinity column (to remove
excess MSP1E3D1and GRK2 leftover fromthein vitro phosphorylation
step). The sample was washed with 20 mMM HEPES pH 7.5,100 mM NacCl
and 5 mM CaCl,and then eluted using a buffer containing20 mM HEPES
pH7.5,100 mM NaCl,1 mM EDTA and 0.2 mg mI™ FLAG peptide.
SPRinteraction studies were performed in running buffer 20 mM
MOPS pH7.0,150 mMNacCl, 100 pMEDTA,1 mMATP,10 mM MgCl,and
0.001% P20 surfactant) at 25 °C using Biacore 3000 instrument (GE
Healthcare). Measurements were performed using a Biotin CAPture Kit
(Cytiva) to capture biotinylated SMO nanodiscs according to the manu-
facturer’sinstructions. Briefly, Biotin CAPture reagent wasimmobilized
to alevel of 3,000 response units (RU) on the sensor chip CAP at the
beginning of each cycle, followed by the sequential capture of respec-
tive SMO nanodiscs (WT, ACT, 5KE and IFR>AAA) with a capture level
0f250-350 RU onseparate flow cells (flow rate: 10 pl min™). Serial dilu-
tions of myr-PKA-Ca-K7C (16 nM-1 uM) were diluted in running buffer
and injected with increasing concentrations at a flow rate of 10 pl min™
for 60 s (association) followed by 60 s of dissociation in running buffer
without PKA-Ca. Data were corrected (double referencing) for non-
specific binding and buffer effects by subtracting SPR signals from a
flow cell with only CAPture reagent, as well as blank runs by injecting
buffer without the analyte, using Biacore 3000 Evaluation Software 4.1.1
(Cytiva). The sensor chip was regenerated by three sequentialinjections
of 6 Mguanidinium chloride and 0.25 M NaOH to remove the CAPture
reagent until the baseline level was reached. Steady-state analysis was
performed with GraphPad Prism 8.0.1 (GraphPad Software).

Analytical-scale SMO-PKA-C disulfide-trapping studies

Phosphorylated or nonphosphorylated forms of WT or mutant FLAG-
SMO were prepared as described above and gel-filtered into 20 mM
HEPES pH 7.5, 150 mM NacCl, 0.025% GDN and 1 uM SAG21K. PKA-C

proteins were buffer-exchanged into this same buffer using Zeba 7k
desalting columns. To accurately compare disulfide-trapping efficien-
cies between WT and mutant proteins, we quantified each protein’s
concentrationby A,g, (adjusted for the extinction coefficient) and then
subjected each sample to a twofold set of serial dilutions, which were
analyzed by stain-free imaging of SDS-PAGE gels; the concentrations
of each protein were then manually adjusted as necessary to ensure
uniform concentrations between each set of WT and mutant proteins.
For the reaction setup, 4 pl of SMO (12.5 uM), 4 pl of PKA (6.25 uM),
1pl of 10x reaction buffer (10 pM SAG21K, 10 mM ATP and 100 mM
MgCl,) and 1 pl of 50 mM NaOH (to adjust reaction pH to 8.0), except
for Extended DataFig. 5b, in which [PKA-C] was titrated to the concen-
trations indicated in the figure panel. Samples were then incubated
for 30 min at room temperature to promote SMO-PKA-C complex
formation. Following the initial incubation, diamide (prepared fresh
before use) was added to each reaction atafinal concentration of 5 mM
to initiate disulfide bond formation and samples were incubated for
1h at room temperature. Subsequently, 10 pl of 2x Laemmli sample
buffer (without reducing agent) was added to each sample, whichwere
thenloaded ontoa4-20% SDS-PAGE gel. Disulfide-trapped quantifica-
tion was completed by analyzing adjusted, background-subtracted
band intensities using Fiji. For each disulfide-trapping condition,
the adjusted intensity of the disulfide-bonded product was normal-
ized by dividing it by the sum of the adjusted intensities of both the
disulfide-bonded product and free SMO.

A similar protocol was used for the disulfide trapping of solu-
ble SMO pCT L637C with human PKA-C, with some modifications.
Briefly, both SMO pCT L637C and human PKA-C (WT or C343S) were
buffer-exchanged into 20 mM HEPES pH 8 and 150 mM NacCl follow-
ing gelfiltration. During complex formation,10 mM ATP and 100 mM
MgCl,were added and the final concentrations of SMO pCT and PKA-C
were 40 pM and 20 pM, respectively. The mixture was incubated for
3 hfollowing the addition of 5 mM diamide and analyzed by SDS-PAGE
as described above for the near-full-length FLAG-SMO experiments.

CD studies

SMO pCT (residues 565-657) was purified as described previously™.
Peak fractions from gel filtration containing intact SMO pCT were
pooled and subjected to dialysis. Dialysis was performed using tubing
with a3.5-kDamolecular weight cutoffin 1x PBS (pH 7.4) at 4 °C for two
overnight cycles. After dialysis, the protein concentration was adjusted
t040 pM. CD measurements were conducted using an AVIV model 410
CD spectrometer. Samples were analyzed in a quartz cuvette (path
length:1mm) at25°C, recording dataevery 2 nmacross awavelength
range of 200-260 nm with a 3-saveraging time. Each condition, includ-
ing a blanking control, was measured in quintuplicate. The collected
raw datawere averaged and blank-subtracted before normalization to
mean residue molar ellipticity ([6]=100 x 6/(C x [ x n), where Cis the
concentration of protein (mM), [is the path length (cm) and n is the
number of peptide bonds inthe protein) using a custom Python script.
Data points with dynode voltages exceeding 500 V were excluded
(specifically at awavelength of 200 nm).

Preparative scale SMO-PKA-C disulfide trapping for HDX-MS

Large-scale pSMO-L637C-PKA-C disulfide trapping for HDX-MS fol-
lowed asimilar procedure as described inthe preceding section, except
that SMO and PKA-C were present at 12 uM and 24 pM, respectively,
thereactionwasscaled up to 0.5 mland the diamide-induced disulfide
bond formation proceeded for 2 h. The reaction was then subjected to
gel-filtration chromatography on a Superdex200 Increase 10/300 GL
column equilibrated in 20 mM HEPES pH 8, 50 mM NacCl, 0.01% GDN,
1M SAG21k, 10 mM MgCl, and 1 mM ATP. Fractions were analyzed
by nonreducing SDS-PAGE and those containing the pPSMO-PKA-C
complexwere pooled and concentrated. The same procedure was used
for disulfide trapping of nonphosphorylated SMO-L637C-PKA-C; note
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that, to obtainnonphosphorylated SMO samples, we took the purifica-
tion steps described above except that vismodegib was used in place
of SAG21k, GRK2 was not coexpressed with SMO and purified SMO was
not subjected toin vitro GRK2 phosphorylation.

GLIreporter assays

GLIreporter assays on Smo”” MEFs transiently transfected with WT or
mutant constructs, along with 8xGli-Firefly and SV40-Renilla dual lucif-
erase reporter plasmids, were performed as previously described'*".
GLI reporter assay data were normalized to total SMO expression,
whichwe quantified by measuring the expression of each Myc-tagged
SMO mutant in whole-cell lysates using anti-Myc immunoblotting
(Supplementary Fig. 5).

Monitoring phosphorylation of WT or mutant SMO by
immunoblotting

HEK293 Freestyle cells were cultured in Freestyle 293 expression
medium supplemented with 1% FBS, as previously described . For
transfection, 3 ml of HEK293 Freestyle cell culture (density: 3.0-4.0 mil-
lion cells per ml) was transferred to a six-well plate and incubated with
SmMsodiumbutyrateat37 °Cina5% CO,atmosphere for15 min. Trans-
fection complexes were prepared by combining1.25 pg of SMOWT or
mutant DNA with 1.25 pg of GRK2-GFP DNA in 250 pl of Opti-MEM |
reduced-serum medium. The mixture was vortexed, followed by the
addition of 7.5 pl of TransIT-293 reagent. After vortexing for 15s, the
mixture was incubated at 25 °C for 15 min. The transfection complex
wasthenadded dropwise to the cell culture and incubated in a shaking
incubator at 37 °C and 5% CO, for 48 h. Cells were treated with either
SAG21k or SAG21k + Cmpd101 for 4 h, harvested by centrifugation at
2,000gfor 10 min, flash-frozenin liquid nitrogen and stored at =80 °C.

Cell pellets were resuspended in 500 pl of SDS-free RIPA buffer
(50 mM Tris pH7.5,150 mM NacCl, 2% NP40, 0.25% sodium deoxycholate
and10%glycerol) supplemented with Pierce protease and phosphatase
inhibitor tablet. The samples were homogenized by pipetting and
incubated at 4 °C for 1 h with rotation. Lysates were clarified by cen-
trifugation at 21,100g for 10 min. An input sample was separated and
the remaining supernatant was incubated with 10 pl of ChromoTek
Myc-Trap magnetic agarose at 4 °C for 1 h with rotation. The resin
was washed three times with 1 ml of SDS-free RIPA buffer. Proteins
were eluted by adding 50 pl of 2x Laemmli sample buffer containing
B-mercaptoethanol and incubating at 25 °C for 5 min.

Inputand eluted samples were separated by SDS-PAGE using Cri-
terion stain-free gels, transferred to PVDF membranes, blocked with
5% milk and probed overnight with either rabbit anti-pSMO (7TM Anti-
bodies, 7TM0239A) or mouse anti-Myc (clone 4A6, Millipore 05-724).
The relevant secondary antibodies were applied for 2 h, followed by
chemiluminescence detection using the ChemiDoc system (Bio-Rad).

SMO ciliary localization studies

Ciliary localization studies on FLAG-tagged SMO stably expressed
in NIH3T3 Flp-in cells were formed as previously described®. Briefly,
stably transfected cells were grown to confluency on glass coverslips,
switched tolow-serum medium (DMEM + 0.5% FBS + penicillin, strep-
tomycinand glutamine) overnight toinduce ciliation and then treated
for 4 h to induce SMO ciliary accumulation. Cells were washed, fixed
in PFA, permeabilized with 0.1% Triton X-100 and blocked overnight
in Tris-buffered saline and Tween-20 supplemented with 2% BSA.
Cells were stained with anti-FLAG to identify stably expressed SMO
and anti-Arl13b and anti-acetylated tubulin to mark cilia, followed by
appropriate secondary antibodies + DAPI counterstain. Coverslips
were mounted onto a slide with SlowFade mounting medium. Images
were acquired on a Leica SP8 laser-scanning confocal microscope
using a x40 water-immersion lens. Identical zoom factors, exposure
times and gain settings were used in all experiments. The SMO signal
inciliawas quantified, background-subtracted and graphed. Data for

each conditionrepresent 100 ciliacounted from two or more separate
fieldsintwoindependent trials.

MD simulations

Systems for simulations were generated using CHARMM-GUJ"8712°
with parameters for the protein component assigned from the
CHARMM36m force field* and other components assigned from the
CHARMM36 force field'*. All systems were solvated using TIP3P water,
with the net charge kept at 0 witha 0.15M concentration of NaClions.
Allsimulation were carried out using the ACEMD engine'>.

Simulations of SMO-PKA-C AlphaFold models. The AlphaFold mod-
els of the SMO-PKA-C complex (confl) were embedded in a mem-
brane consisting of POPC and POPG (3:2) and 8% cholesterol, in line
with the composition of the SMO-containing nanodiscs used in this
study and previously'. The receptor was oriented using datafrom the
OPM database'®. Initial internal waters were approximated using the
homolwat server'”. On the SMO C-tail, the GRK2/3 phosphorlyation
sites, defined here (Extended Data Fig. 6) and in our previous study”,
were included in the model (phosphorylated S560, S578, S594, T597,
$599,5615,5642, T644, T648 and S666), while, on PKA-C, residues S10,
S197 and T338 were phosphorylated, asthese residues are known to be
phosphorylated in PKA-C purified from recombinant systems'**and G2
was N-terminally myristoylated, as PKA-Cis uniformly cotranslationally
myristoylated in eukaryotes.

The placement of ligands was carried out using previous crystal-
lographic data (active-state SMO structure for cholesterol (PDB 603C),
PKA-C-1P20 structure for ATP + Mg ions (PDB 1ATP)). Protonation of
titratable residues was assigned using the Protonate 3D module avail-
able in the MOE package (version 2015.10; https://www.chemcomp.
com/). Afterward, histidine protonation states were visually inspected
and, in cases of uncertainty, we compared both protonation states by
performinga quick minimization using MOE (Amber 10:EHT forcefield,
Bornsolvation model with default electrostatic interaction cutoffs) to
check whether one state promoted more interactions. The generated
systems were equilibrated (3 x 400 ns), with constraints applied to
protein backbone using a timestep of 4 fs. Pressure was kept at 1.0132
using the Monte Carlo barostat. This was followed by three produc-
tion runs of 2 usin NVT conditions, which were respawned from each
individual NPT run.

Simulations of apo SMO AlphaFold models. Tosimulate the reentrant
loop stability in the apo SMO model (without PKA-C), we followed the
same building protocol as described above for the SMO-PKA-C com-
plex. To facilitate comparison, we maintained the same protonation
states as in the previous system, except that PKA-C was not included.
We carried out three production runs of 1 usin NVT conditions, which
were respawned from each individual NPT run. During the NVT run,
temperature was maintained at 310 K using a Langevin thermostat
with a damping coefficient of 0.1 ps™.

Simulations of SMO PKI-like and RlI-like helices and their mutants.
Toassess the impact of mutations on the SMO PKI-like helix and Rll-like
helix, we simulated the region of the SMO C-tail spanning from residue
D562toR633, using the AlphaFold3 model of the SMO-PKA-C complex
asastarting point. The system underwent NPT equilibration (50 ns with
constant pressure of 1.0132 and constraints applied to protein back-
bone). The NPT time was shorter in comparison with the simulations of
the fullcomplex, as we only simulated asmall protein fragmentinawater
box excluding any cell membrane environment. Subsequently, each
systemwas simulated in NVT conditions for 500 nsin threereplicates.

MD analysis. To assess model stability, we aligned studied simulations
using either the transmembrane helical backbone of SMO or the helical
backbone of the PKA-C domain. After aligning, the conformation and
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stability of specific elements were studied using the r.m.s.d. + s.d. as cal-
culatedinthe VMD package. For contact analysis of phosphorylatedres-
idues, we used the getcontacts package (http://getcontacts.github.io)
with default values. As polar contacts, we quantified hydrogen bonds,
salt bridges and water bridges (maintained by amaximum of one water
molecule). To study potential contacts between positively charged
lipid headgroups and pSMO residues in proximity of the membrane
(residues 594, 597 and 599), we quantified the fraction of frames in
which the N atom of at least one POPC headgroup was within 4 A of at
least one of the phosphorylated atoms of the studied residues. The
number of frames was measured using an in-house script.

All MD simulations are available from the GPCRmd platform
(https://www.gpcrmd.org/dynadb/publications/1537/)2"1%,

HDX-MS sample preparation and data acquisition

Because of the instability of the SMO-PKA-C complex during
gel-filtration chromatography, described above, we used disulfide
trapping to stabilize the complex. The high specificity of this crosslink
(C199 of PKA-C to residue 637 of SMO (L637C) (Fig. 3b) enabled us to
trap the complex withoutaltering the biological activity. The deuterium
exchangereactionwas carried out by diluting 3 pl of sample at-15-20 pM
in57 plof deuteriumexchange buffer (94.99% D,0,20 mMHEPES pH 8.0,
150 mMNacl, 0.025% GDN,1 mM ATP and 10 mM MgCl,) for afinal deu-
teration 0of89.99%. Phosphorylated or nonphosphorylated SMO-L637C-
PKA-C complexes were prepared as described above. HDX-MS runs
carried out for pPSMO were performed inthe presence of agonist SAG21k
(1 uM) while runs with nonphosphorylated SMO were performedin the
presence of inverse agonist KAAD cyclopamine (1 tM), to maintain SMO
in an active or inactive conformation. To maintain SMO solubility, the
buffer was also supplemented with 0.025% GDN (a nonionic detergent
thatisMS compatible). The reactions were performed for free PKA-C, free
pSMO, free SMO, pSMO-PKA-C complexand SMO-PKA-C complex. The
reactions were carried out at 25 °Cintriplicate for deuteration times of
1min, 5 minand10 min, after which they were quenched by the addition
of 60 pl of quenchbuffer (1.5 M guanidinium hydrochlorideand 0.25M
TCEP) to bring the reaction to pH 2.5. Undeuterated control runs were
also performed inabuffer without D,0O.

Next, 100 pl of quenched samples were injected into an Acquity
nano-UPLC (ultra-HPLC) HDX manager (Waters) and proteolyzed in
an immobilized BEH pepsin column in 0.1% formic acid running at
a continuous flow rate of 100 pl min™ to generate peptic peptides.
The peptides were trapped in a VanGuard trap column (Waters) and
loaded into a Acquity BEH C18 RPLC column (Waters) and eluted in
an acetonitrile gradient (8-40%) in 0.1% formic acid, after which the
peptides were ionized by electrospray ionization and sprayed into
a Synapt XS Quadrupole TOFMS instrument (Waters), where data
were acquired in HDMSE mode. lon mobility settings including awave
velocity of 600 m s™ and transfer wave velocity of 1997 m s were used
withcollisionenergies of 4 Vand 2 Vfor trap and transfer, respectively.
Increasing high collision energy from 20-45 V with a cone voltage of
20V was used to scan an m/z range of 50-2,000 m/z in positive ion
mode. [Glu']-fibrinogen peptide B (100 fmol min™) at a flow rate of
5ulmin™ was used as a lockspray reference. The entire run time was
15 min, consisting of a3 min of proteolysis and 12 min of acquisition.

HDX-MS data analysis

The mouse sequences of SMO (residues 64-674) (UniProt P56726)
and PKA-C (UniProt PO5132) were used for peptide identification in
Protein Lynx Global server (PLGS; version 3.0, Waters) in HDMSF mode
with workflow parameters set to nonspecific proteolytic cleavage and
variable phosphorylation modifiers at serine, threonine and tyrosine.
The PLGS results were combined with the raw spectra for analysis in
DynamX version 3.0. The DynamX filters were as follows: minimum
intensity = 2,000, minimum products per amino acid = 0.2, minimum
peptidelength =5, maximum peptide length =25 and maximum mass

tolerance =10 ppm. Spectra were analyzed for each state by comparing
the undertreated run to the time-point runs and state-wise compari-
sonswere also performed. The final overall sequence coverage on SMO
was 56.7%, yielding 72 peptides at an amino acid redundancy of 2.12.
Correspondingly, the sequence coverage on PKA-C was 86%, yielding
76 peptides atanamino acid redundancy of 2.56. More than 50% of all
peptidesinour dataset showed HDX values > 1 Da, indicating efficient
proton-deuteriumexchange. Backward exchange was estimated to be
19.8% for the most deuterated peptide on pSMO residues 541-546 by
considering the deuteration percentage and the number of exchange-
ableamides fromthe fully deuterated dataat 48 hbutno correction was
applied tothe data. We designated 0.5 Da as the threshold value above
which differences in HDX values between experimental conditions
(either positive or negative differences) were considered meaningful;
this value was established on the basis of experimental uncertainty in
deuterium uptake across several proteins at a98% confidence interval,
as defined previously'”.

Peptides displaying bimodal spectra were selected for bimodal
analysis in HXexpress3 (refs. 130,131), with four peptides from SMO
being chosen for the analysis (residues 96-112, 142-151, 431-441 and
641-654). However, because of poor signal-to-noise ratios, peptides
96-112and 431-441were excluded from the analysis. Bimodal analysis
was performed for peptides 142-151and 641-654 and bimodal spectra
were assessed for statistical significance using atwo-parameter metric:
aPvalue <0.02and aconfidenceinterval > 98%in the regression met-
ric. Two additional parameters were also evaluated to prevent overfit-
ting: the Ay metric and separation metric, as described previously'®.

Deuteros (version 2.0) was used for significance testing of HDX-MS
data™. Ahybridsignificance test (P < 0.02) was performed to determine
statically significant deuterium exchange differences across different
states™*. For each comparison, data were plotted on a Woods plot'*.
AllHDX-MS data were deposited to ProteomeXchange (PXD067578).

Mapping SMO phosphorylation sites using targeted MS
FLAG-tagged mouse SMO (residues 64-674) was purified from HEK293
cells treated with SMO modulators and/or GRK2/3 inhibitors, as
described previously”. The purified protein extracts from different
conditions were denatured and reducedin1.7 M urea, 50 mM Tris-HCI
pH 8.0 and 1mM DTT at 37 °C for 30 min and alkylated in the dark
with 3 mM iodoacetamide at room temperature for 45 min; excess
iodoacetamide was quenched with3 mMDTT for 10 min at room tem-
perature. For digestion, proteins were incubated with 1 pg of chymot-
rypsinat 37 °C overnight. Tostop the digestion, samples were acidified
with 0.5% trifluoroacetic acid (TFA). Digested samples were desalted
for MS analysis using a BioPureSPE mini 96-well plate (20 mg PROTO
300 C18; The Nest Group) according to standard protocols.

Digested samples were analyzed on an Orbitrap Exploris 480 MS
system (Thermo Fisher Scientific) equipped with an EasynLC1200 UPLC
system (Thermo Fisher Scientific) interfaced through a Nanospray
Flex nanoelectrospray source. For all analyses, samples were loaded
onto a C18 reverse-phase column (inner diameter: 75 um) packed with
25 cmof ReprosilPur 1.9-um 120 A particles (Dr. Maisch). Mobile phase
A consisted of 0.1% FA and mobile phase B consisted of 0.1% FA and 80%
acetonitrile. Peptides were separated by an organic gradient from 2%
to 28% mobile phase B over 32 min, followed by an increase to 44% B
over 19 min and ahold at 90% B for 9 min, at a flow rate of 300 nl min™.
Analytical columns were equilibrated with 6 pl of mobile phase A. To
build aspectrallibrary, the four biological replicates for each condition
were pooled and acquired in a data-dependent manner. Data-dependent
analysis was performed by acquiring afullMS1scan over the m/zrange
0f 350-1,250 in the Orbitrap at 120,000 resolution (200 m/z) with a
normalized automatic gain control (AGC) target of 100%, a radiofre-
quency (RF) lens setting of 40% and amaximumion injection time set to
‘auto’. Dynamicexclusion was set to 30 s, with a10-ppm exclusion width
setting. Peptides with charge states of 2-6 were selected for MS/MS
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interrogation using higher-energy collisional dissociation (HCD),
with a set cycle time of 1s. MS/MS scans were analyzed in the Orbitrap
using isolation width of 1.3 m/z, normalized HCD collision energy of
30%, normalized AGC of 200% at a resolution 0of 15,000 and amaximum
ioninjection time set to auto. For all acquisitions, QCloud was used to
control instrument longitudinal performance during the project®®.
All proteomic datawere searched against the human UniProt database
(UniProt-reviewed sequences downloaded July 2018) augmented with
the sequence of the affinity-tagged mouse SMO. Peptide and protein
identification searches, as well as label-free quantitation, were per-
formed using the MaxQuant data analysis algorithm (version 1.6.12.0)"*’
usingthe above-described parameters. The database searchresults were
used togenerate aspectrallibrary in Skyline (version 20.2.0.343)"* and
toextractoptimal coordinates for targeted proteomics assays (so-called
parallel reaction monitoring (PRM) assays). PRM measurements were
performed on all four biological replicates per condition separately
using the above-described gradient for spectral library generation but
operatingthe Orbitrap Exploris480in PRM mode. Targeted MS2 spectra
were acquired using the following parameters: 60,000 resolution, scan
range set to auto, normalized HCD collision energy of 30%, RF lens set-
ting of 50%, an AGC target set to ‘standard’, the maximum injection time
set to ‘dynamic’, desired minimum points across the peak set to 9 and
anisolation window of 1.2 m/z. Selected SMO peptides were targeted
in 3-min-wide transition windows. The resulting data were analyzed
with Skyline (version 20.2.0.343)"* for identification and quantifica-
tion of peptides. MSstats was used for statistical analysis™’. Statistical
analysis of unmodified SMO and detected phosphosites was performed
separately for the different digestion conditions using the statistical
framework Msstats'. Intensities were estimated using the sample quan-
tification functionin MSstats, which provides model-based estimation
of phosphosite and protein abundance combining individual peptide
intensities. Quantification was graphed using Prism 8 (GraphPad).
Raw data and PRM transition files can be accessed and queried online
(https://panoramaweb.org/SMO_phospho_2024.url)**°,

Purification of PKA-C from native tissue for cryo-EM studies

Native-source PKA-C was purified from a beef heart by IP20 chromatog-
raphy. A fresh beef heart (Tooele Valley Meats) was transported on ice
before the purification of PKA-C. Meat from the left ventricle of the beef
heartwas cutinto small pieces. For100 g of tissue, 200 ml of lysis buffer
(50 mM Tris-HCI pH 7.4, 50 mM NaCl and 2 mM MgCl,) supplemented
with Pierce EDTA-free protease inhibitor tablets was added. Then, the
mixture was homogenizedinablender for five 1-min cycles with cooling
intervals between cycles. The homogenized material was centrifuged at
13,000gand 4 °C for 20 min. The supernatant was centrifuged for asec-
ondround at38,000gand 4 °C for 45 min. The supernatant was filtered
through an empty resin column before batch binding with IP20 resin
in 50-ml conical tubes. After supplementing with 100 uM cAMP, 5 mM
MgCl, and 3 mM ATP, the tubes were incubated at 4 °C overnight with
gentleend-to-endrotation. The IP20 resin was separated by passing the
mixture throughacolumn. The resin was washed with W1 buffer (50 mM
Tris-HCI pH 7.4, 50 mM NaCl, 2 mM MgCl, and 0.4 mM ATP) and W2
buffer (50 mM Tris-HCI pH 7.4, 250 mM NaCl, 2 mM MgCl, and 0.4 mM
ATP). Bound protein was eluted with elution buffer (50 mM Tris-HCI
pH7.4,200 mMarginine, 50 mMNaCland1 mMEDTA). The proteinsample
was concentrated and further purified using a Superdex 200 Increase
10/300 GL column equilibrated with storage buffer 20 mMMOPS pH7.0,
150 mM NaCland 2 mM 3-mercaptoethanol). Monomeric fractions were
pooled, concentrated, flash-frozen and stored at -80 °C before use.

Preparation of SMO-PKA-C complex samples for cryo-EM
studies

Six SMO-PKA-C complex samples were prepared for cryo-EM studies.
Size-exclusion chromatography and SDS-PAGE profiles are provided
inSupplementary Data File 3.

Toobtainthe SMO-PKA-Csamplebefore grid preparation, purified
andinvitro phosphorylated mouse SMO (residues 64-674) and native-
source bPKA-C were mixed in binding buffer (20 mM HEPES pH 7.5,
150 mM Nacl, 0.01% GDN, 10 mM MgCl,, 1 mM ATP and 1 pM SAG21k)
at a1:1.2 molar ratio and incubated at room temperature for 20 min.
Then the mixture was concentrated to approximately 18 mg ml™ for
cryo-EM studies.

To prepare the SMO-PKA-C sample in MSP1E3D1 nanodiscs, puri-
fied and in vitro phosphorylated mouse SMO (residues 64-674) was
reconstituted into MSP1E3D1 nanodiscs with alipid mixture of 92 mol%
3:2 POPC and POPG and 8 mol% cholesterol. Reconstituted SMO was
purified by M1 anti-FLAG antibody-conjugated resin and mixed with
native-source bPKA-Cina detergent-free binding buffer 20 mM HEPES
pH7.5,150 mM NaCl,10 mM MgCl,,1 mM ATP and 1 uM SAG21k) atal:1.7
molar ratio and incubated at room temperature for 1.5 h. The sample
was subjected to size-exclusion chromatography using a Superdex
200 Increase 10/300 GL column equilibrated with the detergent-free
binding buffer. The peak fractions of monomeric complex were pooled
and concentrated to 4.4 mg ml™ for cryo-EM studies.

For the disulfide-trapped SMO-L637C-PKA-C complex, purified
and in vitro phosphorylated mouse SMO-L637C (residues 64-674)
and native-source bPKA-C were mixed in disulfide-trapping buffer
(20 mM HEPES pH 8.0,150 mM NaCl, 0.01% GDN, 10 mM MgCl,, 1mM
ATP and 1 uM SAG21k) at a 1:2 molar ratio and incubated on ice for
30 min. Then, diamide was added into the mixture at a final con-
centration of 5 mM and the sample was further incubated at room
temperature for 1.5 h. The sample was subjected to size-exclusion
chromatography using a Superdex 200 Increase 10/300 GL column
equilibrated with the disulfide-trapping buffer. The peak fractions of
monomeric complex were pooled and concentrated to 11.2 mg ml ™ for
cryo-EM studies.

Forthe BS3-crosslinked SMO-PKA-C complex, purified and invitro
phosphorylated mouse SMO (residues 64-674) and native-source
bPKA-C were mixed in binding buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 0.01% GDN, 10 mM MgCl,, 1 mM ATP and 1 pM SAG21k) at a1:1.2
molar ratio and incubated at room temperature for 30 min. Fresh BS3
dissolved inbinding buffer was added to afinal concentration of 1 mM
and the sample was incubated at room temperature for 45 min. After
incubation, the reaction was stopped by the addition of Tris-HCI pH 8.0
toafinal concentration of 50 mM. Then, the complex was purified using
aSuperdex200Increase10/300 GL column equilibrated with binding
buffer. The peak fractions of monomeric complex were pooled and
concentrated to 10 mg ml™ for cryo-EM studies.

For the EDC/sulfo-NHS-crosslinked SMO-PKA-C complex, puri-
fied and in vitro phosphorylated mouse SMO (residues 64-674) and
native-source bPKA-C were mixed in binding buffer 20 mM HEPES
pH 7.5,150 mM NaCl, 0.01% GDN, 10 mM MgCl,, 1 mM ATP and 1 pM
SAG21k) atal:1.35 molar ratio and incubated at room temperature for
15 min. Then freshly made EDC/sulfo-NHS solution was added to the
mixture to afinal concentration of 7.5 mM/15 mM and the sample was
further incubated at room temperature for 45 min. The sample was
subjected to size-exclusion chromatography using a Superdex 200
Increase 10/300 GL column equilibrated with the binding buffer. The
peak fractions of monomeric complex were pooled and concentrated
to 11 mg mi™ for cryo-EM studies.

For the SMO-PKA-C complex subjected to dual EDC/sulfo-NHS
and BS3 crosslinking, purified and in vitro phosphorylated mouse SMO
(residues 64-674) and native-source bPKA-C were first crosslinked
with EDC/sulfo-NHS and purified by size-exclusion chromatogra-
phy as described above. The peak fractions of monomeric complex
fromwere pooled and concentrated. Then, BS3 was added to the con-
centrated sample at a final concentration of 2 mM and the sample
was incubated at room temperature for 45 min. Then the reaction
was stopped by addition of 50 mM Tris-HCI pH 8.0 and the complex
was purified by size-exclusion chromatography. The peak fractions
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of monomeric complex were pooled and concentrated to 10 mg ml™
for cryo-EM studies.

Cryo-EM grid preparation, data acquisition and processing
SMO-PKA-C complex samples were frozen on glow-discharged UltrAu-
Foil grids (Quantifoil, R 1.2/1.3, 300-mesh) using a Vitrobot Mark IV
(Thermo Fisher Scientific). Data were collected ona300-kV Titan Krios
transmission EM instrument as 40-frame videos with a total expo-
sure of 50 e” per A% The raw pixel size was 1.06 A. Procedures for
cryo-EM data processing are provided in Supplementary Data File
3 and statistics for data collection and processing are provided in
Supplementary Table 2. Generally, cryo-EM videos were imported
into cryoSPARC and motion-corrected with patch motion correction.
Contrast transfer function (CTF) parameters were estimated by Patch
CTF estimation or CTFFIND4. Micrographs with CTF-fit resolution
better than 3.5 A or 4 A were selected for particle picking. Blob picker
was used to generate two-dimensional (2D) templates using a small
subset of micrographs. Then, these 2D templates were used by template
picker to pick particles fromthe whole dataset. Particles were cleaned
by iterative 2D classification. Particles from good 2D classes (2x binned,
with a pixel size of 2.12 A) were subjected to ab initio reconstruction.
Thebest three-dimensional (3D) class was further classified by running
anew ab initio reconstruction job. For each dataset, one 3D class was
selected from the ab initio reconstruction jobs and used to generate
an EM map through nonuniform refinement. Although the nominal
resolutions are reported at 5-9 A, the reconstructed maps lack the
expected level of detail. This discrepancy indicates severe particle
heterogeneity, which likely caused misalignment and overfitting dur-
ing the global refinement. Therefore, each of these maps represent a
low-resolution consensus envelope of multiple conformational states,
rather than atrue high-resolution structure.

The EM maps for (1) the SMO-PKA-C sample mixed before grid
preparation; (2) the SMO-PKA-C sample in MSP1E3D1 nanodiscs; (3) the
disulfide-trapped SMO-L637C-PKA-C complex; (4) the BS3-crosslinked
SMO-PKA-C complex; (5) the EDC/sulfo-NHS-crosslinked SMO-PKA-C
complex; and (6) the SMO-PKA-C complex subjected to dual EDC/
sulfo-NHS and BS3 crosslinking were deposited to the EM Data Bank
(EMDB) under accession codes EMD-74330, EMD-74331, EMD-74332,
EMD-72508, EMD-74333 and EMD-74334, respectively.

Statistics and reproducibility

Allstatistics used GraphPad Prism (version10.6.1) unless stated other-
wise, using t-tests or analyses of variance, asindicated in Supplementary
Table 4. No statistical method was used to predetermine sample size.
However, we used similar numbers of cells and animals to previous stud-
iesinour field that applied these experimental models. All experiments
shownwerereproduced on atleast twoindependent occasions. Forall
statistical analyses, nreflects the number ofindependent experimen-
tal or biological replicates. No data were excluded from the analyses.
Randomization and blinding methods were not used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

AlphaFold models of the SMO-PKA-C complexes were deposited
to Zenodo (https://doi.org/10.5281/zenodo0.13826712)"°. The MD
simulation trajectories were deposited to GPCRmd (https:/www.
gpcrmd.org/dynadb/publications/1537/). MS data were deposited
to the Panorama server (phosphoproteomics; PXD055272) or Pro-
teomeXchange (HDX-MS; PXD067578). Cryo-EM maps were deposited
to EMDB (EMD-74330, EMD-74331, EMD-74332, EMD-72508, EMD-74333
and EMD-74334). All other data supporting the findings in this study
areavailable within the paper and its Supplementary Information. All

dataand unique biological materials are available upon request from
the authors. Source data are provided with this paper.

Code availability
Custom code was used for CD data processing and can be accessed from
Zenodo (https://doi.org/10.5281/zenodo.18970396)™,
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