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The Hedgehog (Hh) signaling pathway is fundamental to embryogenesis, tissue homeostasis, and cancer. Hh signals are
transduced via an unusual mechanism: upon agonist-induced phosphorylation, the noncanonical G protein-coupled
receptor SMOOTHENED (SMO) binds the catalytic subunit of protein kinase A (PKA-C) and physically blocks its enzymatic
activity. By combining computational structural approaches with biochemical and functional studies, we show that SMO
mimics strategies prevalent in canonical GPCR and PKA signaling complexes, despite little sequence or secondary
structural homology. An intrinsically disordered region of SMO binds the PKA-C active site, resembling the PKA regulatory
subunit (PKA-R) / PKA-C holoenzyme, while the SMO transmembrane domain binds a conserved PKA-C interaction hub,
similar to other GPCR-effector complexes. In contrast with prevailing GPCR signal transduction models, phosphorylation
of SMO promotes intramolecular electrostatic interactions that stabilize key structural elements within the SMO
cytoplasmic domain, thereby remodeling it into a PKA-inhibiting conformation. Our work provides a structural mechanism
for a central step in the Hh cascade and defines a paradigm for disordered GPCR domains to transmit signals intracellularly.

terminus (pCT) into the PKA-C active site (13-15). Binding

Introduction of this pseudosubstrate motif sequesters PKA-C at the mem-

Communication between GPCRs and PKA is fundamental
to human physiology, and malfunctions in GPCR-PKA com-
munication can lead to disease (1, 2). Canonical GPCRs con-
trol PKA activity by coupling to heterotrimeric G proteins
which regulate formation of cyclic AMP, a second messen-
ger that unleashes PKA-C subunits from inhibition by PKA-
R subunits in PKA holoenzymes (1, 2). In contrast, during
vertebrate Hh signal transduction in the primary cilium (3-
5), the noncanonical GPCR SMO is activated by sterols (6-
12), which triggers insertion of a PKA pseudosubstrate motif
within the SMO intracellular membrane-proximal C-

brane and interrupts its catalytic cycle (13-15). Conse-
quently, glioma-associated (GLI) transcription factors are re-
lieved from phosphorylation-induced inhibition, enabling
expression of Hh pathway target genes that mediate cell pro-
liferation or differentiation (13-15).

SMO / PKA-C interactions are regulated such that only the
active state of SMO can inhibit PKA-C, ensuring appropriate
regulation of GLI transcriptional activity and preventing
pathological outcomes (13, 15). Thus, GPCR kinases 2 and 3
(GRK2/3) recognize SMO specifically in its active, sterol-
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bound state and phosphorylate SMO at sites dispersed
throughout its pCT, thereby enhancing interactions between
the SMO pseudosubstrate motif and PKA-C (13, 15). Alt-
hough phosphorylated GPCRs often bind cytoplasmic sig-
naling proteins indirectly via 3-arrestin scaffolds (16-19), in
vitro reconstitution studies with purified proteins estab-
lished that GRK2/3 phosphorylation of SMO triggers a direct
SMO / PKA-C interaction (15). The SMO-GRK2/3-PKA
pathway is essential to Hh signal transduction (13-15, 20-
23), but how SMO binds PKA-C in structural terms, and how
GRK2/3 phosphorylation facilitates this process, are un-
known.

Numerous structural studies have explored how canonical
GPCRs bind conventional downstream effectors (16-18, 24),
as well as how PKA-C engages classical pseudosubstrates (2,
25-27). The SMO / PKA-C interaction is distinct from these
signaling complexes in two fundamental ways. First, PKA-C
isunique among GPCR effectors: it is unrelated to G proteins
or -arrestins and contains no obvious GPCR-interacting do-
mains, such as the positively charged phosphopeptide-bind-
ing groove that enables -arrestins to selectively interact
with the C-termini of active, phosphorylated GPCRs (16, 17).
Second, unlike conventional PKA inhibitors, such as the
heat-stable protein kinase inhibitor (PKI) proteins or PKA-R
subunits, which interact with PKA-C constitutively or under
cAMP-depleted conditions, respectively (25, 28), SMO re-
quires GRK2/3 phosphorylation to bind and inhibit PKA-C
during Hh signal transduction (13-15). Consistent with this
unprecedented mode of PKA regulation, SMO only displays
homology to PKI proteins and PKA-R subunits within its
pseudosubstrate region (14), and does not appear to encode
any of the additional sequence or secondary structural ele-
ments in these proteins that are needed for efficient PKA-C
binding (29-32). Thus, existing GPCR and PKA structures
offer little insight into the SMO / PKA-C complex.

The intracellular segments of both canonical and noncanon-
ical GPCRs (including SMO) are predicted to be intrinsically
disordered regions (IDRs) (33). IDRs adopt a continuum of
conformational states (34-37), presenting a formidable chal-
lenge for biophysical and structural characterization. In-
deed, these GPCR IDRs - critical for signaling - are largely
unresolved in or entirely absent from most GPCR crystallog-
raphy or cryo-electron microscopy structures (33, 38, 39), in-
cluding the >20 SMO structures solved to date (7, 11, 40-43).
To overcome the limitations of traditional approaches, we
analyzed the SMO / PKA-C complex by integrating compu-
tational structure prediction and molecular dynamics (MD)
simulations with biochemical, biophysical, and functional
studies. The resulting structural model reveals key mecha-
nistic insights into this critical but previously inaccessible
signaling complex.

Results

AlphaFold Modeling of the SMO / PKA-C Complex

Unlike the well-folded SMO extracellular and 7-transmem-
brane (7TM) domains, which have been extensively studied
via empirical structural methods (7, 11, 40-43), the SMO
pCT remains structurally uncharacterized. Prior computa-
tional predictions suggest that the SMO pCT is an IDR (13),
consistent with the inability to resolve this region of SMO in
cryo-electron microscopy (42). To determine whether the
SMO pCT is an IDR, we analyzed a soluble portion of SMO
encompassing almost the entire SMO pCT (residues 565-
657) via circular dichroism (CD) spectroscopy. The purified
SMO pCT showed a mixed weak a-helical and random coil
fingerprint (fig. S1A), indicating limited secondary structure
or an ensemble of disordered and partially structured states.

Whereas some IDRs appear to be constitutively unstruc-
tured, others display conditional folding - they are unstruc-
tured in their apo, unmodified forms, but adopt partially or
fully structured conformations upon post-translational mod-
ification and/or binding to other proteins (34-36). Neverthe-
less, even the conditionally folded states of IDRs are chal-
lenging to characterize using empirical structural methods,
due to their conformational heterogeneity (33-35, 37). Re-
markably, AlphaFold, which derives structural models using
multiple sequence alignments (MSAs) and coevolutionary
analysis (44, 45), is well-suited to analysis of conditionally
folded IDRs, as it often predicts them in their conditionally
folded states, even when the requisite post-translational
modifications and/or binding partners are not included in
the model (46, 47) (Supplementary Text 1). Intriguingly,
prior AlphaFold analysis suggests that the SMO pCT may be
a conditionally folding IDR, as the full-length SMO model
available from the EBI database of AlphaFold structure pre-
dictions (44, 45) shows several helical regions in the pCT (fig.
S1B). We reasoned that AlphaFold’s potential to extract a
physiological, conditionally folded SMO pCT state from a
possibly vast and complex conformational ensemble may
provide structural insights into the SMO / PKA-C interac-
tion.

We used AlphaFold to model murine SMO bound to PKA-
Ca (the best-studied and most ubiquitously expressed PKA-
C isoform). We used AlphaFold 2.3.0 (also known as Al-
phaFold Multimer) (48) to generate initial models but ulti-
mately switched to AlphaFold 3 (which became available in
the final stages of this project) (49), since version 3 enabled
us to explicitly model SMO phosphorylation sites as well as
ATP and magnesium ions, all essential for SMO / PKA-C in-
teractions (13-15). The models produced by AlphaFold 2.3.0
and AlphaFold 3 are very similar, likely because the contri-
butions from GRK2/3 phosphorylation are already reflected
in the sequence-structure relationships in the MSAs (46)
(Supplementary Text 1). AlphaFold 2.3.0 also predicts a sec-
ond type of SMO / PKA-C model (fig. S1C), which has a
slightly lower interface predicted template modeling (ipTM,
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Figure 1: AlphaFold modeling of the SMO / PKA-C complex. (A) AlphaFold 3 model of phosphorylated mouse SMO in complex with mouse PKA-
Ca (rendered as a surface with small N-lobe in white and large C-lobe in olive). Positions of the SMO extracellular cysteine rich domain (CRD),
transmembrane spanning domain (7TM), and proximal cytoplasmic tail (pCT) are indicated, and approximate location of membrane is shown in gray.
The PKI-like helix, inhibitor sequence (seq), Rll-like helix, and reentrant loop are labeled (see main text). The AlphaFold 3 predicted local confidence
(pLDDT) score (0-100, with higher values indicating greater confidence) is represented by a color scale (upper right). The turquoise sphere in SMO'’s
inhibitor sequence represents the P-site. (B) Sequence of SMO helix 8 and pCT. Secondary structural elements are underlined, GRK2/3 phosphor-
ylation sites are highlighted in orange, and key amino acids in the pseudosubstrate motif are labeled in red. (C) Left, empirical structure of PKla(5-
24) (PDB: 1ATP, red) in complex with PKA-C (olive/white as in (A)). Right, AlphaFold model of phosphorylated SMO (blue) in complex with PKA-C.
In this and all subsequent figures, 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 upwards and the C-lobe pointing downwards). Locations of residues discussed in the text are
indicated. Note salt bridge between the P-6 arginine in PKla and PKA-C E203 (left); this interaction is absent in SMO (right). (D) SDS-PAGE analysis
of purified wild type (WT) or L637C mutant SMO incubated with PKA-C treated with or without the oxidizing agent diamide (to induce disulfide bond
formation). Sequence alignments above the gel image show the mutation present in 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 wild-type SMO provides a negative control for nonspecific
SMO / PKA-C disulfide bond formation. Location of SMO, PKA-C, and the disulfide-trapped SMO / PKA-C complex are indicated at right. PKA-C runs
as a doublet following diamide treatment, due to formation of an intramolecular disulfide bond between C199 and C343 as shown previously (57).

see below) score and may represent an alternative confor-
mation of the complex (Supplementary Text 2; see also Fig.
4 and fig. S11A). Hereafter we refer to the AlphaFold 3
model unless stated otherwise.

In the AlphaFold model, the phosphorylated SMO (pSMO) /
PKA-C complex consists of an extended binding interface in
which the SMO pCT and intracellular loops (ICLs) cradle
PKA-Cs C-lobe and active-site cleft, with the kinase’s C-lobe
pointing upward toward the SMO 7TM domain (Fig. 1A).
The complex harbors several key features (Fig. 1A). Within
the pCT, the pseudosubstrate motif consists of an inhibitor
sequence that engages the PKA-C active site, immediately
preceded by an amphipathic helix (615-630) which we refer
to as the “PKI-like helix” (Fig. 1, A and B) for its resemblance
to one found in PKI proteins (26, 50). The PKI-like helix in-
teracts at an approximately 30° angle with a second, longer

amphipathic helix within the SMO pCT, which we designate
the “RII-like helix” (Fig. 1, A and B), as it structurally mimics
features of the PKA-RII holoenzyme (32) (see below). The
region between these helices contains several GRK2/3 phos-
phorylation sites along with a sequence, which we call the
“reentrant loop” (602-609), that interacts intramolecularly
with a cavity formed by transmembrane helices 3, 6, and 7 of
the SMO 7TM domain (Fig. 1, A and B). Finally, other por-
tions of the helices and intracellular loops from the SMO
7TM domain interact with PKA-C’s C-lobe, while the ki-
nase’s N-terminal helical domain points towards the mem-
brane (fig. S1D).

Several observations indicate that our AlphaFold model ac-
curately reflects the structure of the SMO / PKA-C complex,
particularly in key interface-forming regions. First, the
model agrees with prior empirical structures of PKA-Ca (31,
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32, 50, 51) and the SMO extracellular and 7-transmembrane
(7TM) domains (7, 11, 42, 43) (fig. S1D). Second, the highest-
ranked model scored 0.87 in AlphaFold’s ipTM measure-
ments, indicating high global confidence (48) in the position
of the SMO / PKA-C interface. The model also scored >70 in
predicted local distance difference test (pLDDT) and dis-
played low predicted aligned error (PAE) values within the
PKI-like helix, inhibitor sequence, and RII-like helix, indi-
cating high local confidence (52, 53) in the locations of resi-
dues within these key regions of the SMO / PKA-C interface
(Fig. 1A). Third, these same regions are stable throughout
extended (3 ps) all-atom molecular dynamics simulations
(fig. S1E), indicating that the AlphaFold model captures an
energetically favorable mode of SMO / PKA-C interaction.
Finally, the overall binding configuration of the SMO / PKA-
C interface, as well as the underlying sequence and second-
ary structural elements, are conserved across metazoan evo-
lution (fig. S2, A and B).

In our model, the SMO pseudosubstrate motif forms the
linchpin of the SMO / PKA-C interaction, with the inhibitor
sequence adopting a canonical orientation sandwiched be-
tween the kinase’s N and C lobes (50). Like other PKA-C in-
hibitors (29, 31, 32, 50), the SMO pseudosubstrate phosphor-
ylation site (P-site) alanine, P-2 and P-3 arginines, and P+1
isoleucine residues interact extensively with the PKA-C ac-
tive site cleft (Fig. 1C). The SMO inhibitor sequence is stabi-
lized by hydrophobic packing of the P+1 isoleucine (SMO
1636) against PKA-C L198, P202, and L205, and the P+2 leu-
cine, P+3 proline, and P+6 valine (SMO L637, P638, and
V641) against PKA-C L82 and F54 (Fig. 1C). In addition,
SMO residues W622, V626, and M629, located at the N-ter-
minus of the pseudosubstrate motif in the PKI-like helix, hy-
drophobically pack against Y235 and F239 within the PKA-
C aF-aG region, resembling an analogous set of interactions
that occur in PKI proteins (29, 50) (Fig. 1C). Consistent with
our AlphaFold model, the P-2 and P-3 arginines, P-site ala-
nine, and P-13 tryptophan (W622) are essential for SMO /
PKA-C interactions and for Hh signal transduction based on
mutational analysis in cultured cell and in vivo systems (14).

To further evaluate the SMO / PKA-C binding mode in our
models, we conducted disulfide trapping studies. In PKA-
RII holoenzymes, a cysteine at the P+2 position in the PKA-
R subunit forms a disulfide bond with PKA-C C199 under
oxidizing conditions (54, 55). If the SMO and PKA-RII inhib-
itor sequences bind similarly to PKA-C, then substitution of
the SMO P+2 leucine with cysteine (L637C) should readily
produce a disulfide bond between SMO and PKA-C C199,
similar to the naturally occurring P42 cysteine in PKA-RII.
This was indeed observed (Fig. 1D and fig. S2, C and D),
providing strong support for this region of the SMO / PKA-
C binding configuration captured in our AlphaFold model.

Whereas PKI proteins operate as constitutive PKA-C inhibi-
tors (26, 28), only the active, GRK2/3-phosphorylated con-
formation of SMO can bind and inhibit PKA-C under

cellular conditions (13, 15). Accordingly, peptides encom-
passing the minimal active site-binding portion of PKIa bind
PKA-C with low nanomolar affinity (56), but a peptide en-
compassing the corresponding region of SMO binds nearly
three orders of magnitude more weakly (14). The PKI-like
helix in SMO is elongated and reorientated in our models
compared to the one in PKIa, resulting in loss of a salt bridge
essential for high-affinity binding (involving the PKIa P-6 ar-
ginine and PKA-C E203 in the PKIa / PKA-C complex) (50)
(Fig. 1C). This reorientation likely explains why the pseudo-
substrate motif in SMO binds PKA-C less efficiently than
does its counterpart in PKIa.

Thus our AlphaFold model provides a high-confidence
structural prediction of the SMO / PKA-C complex structure
and establishes the central role of SMO’s PKA pseudosub-
strate motif in mediating this interaction.

SMO structurally mimics the PKA-RIIB 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
(2, 25, 27). In the tetrameric PKA-RIIS holoenzyme (RIIf3,-
C,), the inhibitor sequence from one PKA-RIIf subunit
binds the PKA-C active-site cleft, while the 34-85 loop from
the other PKA-RIIf subunit engages the PKA-C hinge region
(between the kinase’s N- and C-lobes) (58) and “FDDY” mo-
tif which is essential for ATP binding (32) (Fig. 2A). To-
gether, these central and auxiliary interactions lock PKA-C
into a closed conformation and interrupt catalysis (2, 25, 27).

Surprisingly, a 12 amino acid SMO amphipathic helix (resi-
dues 570-581 in mouse SMO), which we term the “RII-like
helix”, mimics key structural features of both PKA-R subu-
nits in the PKA-RIIB holoenzyme. Although this helix dis-
plays no obvious sequence or structural homology to PKA-
RIIB, our model reveals that it binds to the same regions en-
gaged by the 34-5 loop of one PKA-RIIf subunit and the
backside of the inhibitor sequence from the other (32) (Fig.
2A). Furthermore, an analogous pattern of hydrophobic and
hydrogen bonding interactions underlies both SMO / PKA-
C and PKA-R / PKA-C complexes. Specifically, SMO F577
hydrophobically packs against PKA-C F129 and R133, mir-
roring the hydrophobic interactions of F107 at the P-5 site
from the PKA-RIIS inhibitor sequence and V210 from the
34-85 loop (32) (Fig. 2A). SMO R580 and R581 also form hy-
drogen bonds with PKA-C D328 and D329 from the FDDY
motif, mimicking interactions between PKA-RIIf Y200,
G207, and R208 with these same PKA-C residues (32) (Fig.
2A). A cation-pi interaction between SMO R580 and SMO
F577 is expected to enhance these ionic interactions
(Fig.2A). Additional residues contributing to this region of
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Figure 2: Structural mimicry of the PKA-RIIB holoenzyme by a SMO amphipathic helix. (A) Top: cartoon of tetrameric PKA-RIIB holoenzyme
(RIIB2-C2, left cartoon) in which each PKA-C subunit (C, dotted outline) contacts the inhibitor sequence from one PKA-R subunit (R, red) and the
B4/B5 loop from the other PKA-R subunit (R’, green), and vice versa. Bottom: overlay between PKA-RIIB holoenzyme empirical structure (PDB:
3TNP) and phosphorylated SMO / PKA-C AlphaFold 3 model aligned on the PKA-C in each complex. SMO is shown in blue, with the Rll-like helix
in the foreground (dark blue) and additional SMO sequences, including the inhibitor sequence and PKI-like helix, in the background (light blue).
The SMO and PKA-RIIB complexes are shown separately at right, with key residues and motifs indicated as described in the main text. (B)
Representative HDX-MS mass spectral envelope (deuterium exchange time tex=10 min) of peptides in the indicated region in phosphorylated SMO
(pSMO) or PKA-C alone (top spectrum in each pair), or in complex with PKA-C (bottom spectrum in each pair). The deuterium uptake is shown
for each spectrum on the top right. Centroids are indicated by red dashed lines. SMO peptide = 577-590, and PKA-C peptide = 121-128. (C) SDS-
PAGE analysis of diamide-induced disulfide trapping between pSMO S570C and PKA-C G136C in a minimal-cysteine ((-)Cys) background (see
Methods). Wild-type (WT) SMO (harboring an endogenous cysteine in helix 8, see Fig. 1) or (-)Cys PKA-C, serve as negative controls. Locations
of SMO S570, A574, and PKA-C G136 are indicated in the cartoon at left. See Fig. 3E for quantification. (D) GLI transcriptional reporter assay in
Smo™” murine embryonic fibroblasts (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 hedgehog (ShhN) alone (green), or in the presence of the
SMO inverse agonist vismodegib (ShhN +vismo, blue), or control conditioned medium lacking ShhN (black). Data represents the mean +/- s.d.,
n=3 independent biological samples. Locations of SMO residues are indicated in the cartoon at left. (E) A second panel of SMO mutants were
analyzed as in (D). Data represents the mean +/- s.d., n=3 independent biological samples. (F) Left: Steady-state SPR analysis of binding inter-
actions between PKA-C and wild-type SMO or the indicated SMO mutants reconstituted into nanodiscs (see Fig. 3 for definition and functional
characterization of the 5KE mutant); Right: Ko determinations for the experiments shown at left (=4 measurements per condition).
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the SMO / PKA-C complex are summarized in Fig. 2A. Thus,
despite distinct primary sequences, secondary structural el-
ements, and binding stoichiometries, SMO and PKA-RIIf
utilize remarkably similar central and auxiliary interactions
to bind and inhibit PKA-C.

The interfaces between the SMO PKI-like helix, inhibitor se-
quence, RII-like helix, and the PKA-C hinge region and ac-
tive site cleft remain stable during all-atom MD simulations
of the SMO / PKA-C complex, with SMO F577 exhibiting ex-
ceptional stability (fig. S3, A and B). These observations are
indicative of an energetically favorable binding configura-
tion. To empirically determine which parts of SMO and
PKA-C participate in complex formation, we employed am-
ide hydrogen/deuterium exchange mass spectrometry
(HDX-MS, figs. S4 and S5, A to C) (59-62). HDX-MS moni-
tors changes in hydrogen bonding and solvent accessibility
of backbone amides in SMO and PKA-C upon complex for-
mation, thereby providing a peptide-level readout of confor-
mational changes in each protein upon complex formation.
Initial attempts to purify phosphorylated SMO / PKA-C
complexes for HDX-MS were hampered by instability of the
complex during gel filtration chromatography (data not
shown). Inspired by strategies to stabilize GPCR signaling
complexes for structural studies (63-65), we disulfide-
trapped the SMO / PKA-C complex at the previously vali-
dated interface between the SMO pseudosubstrate motif and
PKA-C active site cleft (SMO L637C + PKA-C C199, Fig. 1D);
this highly specific disulfide bond is expected to stabilize the
complex’s central interaction while allowing other periph-
eral interactions to form freely. AlphaFold modeling indi-
cated that this disulfide trap is not likely to extensively alter
peripheral regions of the SMO / PKA-C complex (fig. S5D).
HDX-MS analysis of the disulfide-trapped, phosphorylated
SMO / PKA-C complex revealed deuterium exchange pro-
tection in the SMO pseudosubstrate motif and the PKA-C ac-
tive site cleft relative to the uncomplexed proteins (fig. S5, E
and F; Supplementary Text 3). The SMO RII-like helix (577-
590), as well as the PKA-C hinge region (122-128), also
showed significant deuterium exchange protection (>0.5
Da) in the complex (Fig. 2B and fig. S6A). Overall, our em-
pirical findings are consistent with the SMO RII-like helix
binding the PKA-C C-lobe as captured in our model of the
complex.

To directly evaluate the binding between the SMO RII-like
helix and the PKA-C hinge region with single-residue preci-
sion, we conducted additional disulfide trapping studies. In
our model, SMO S570 and A574 on the hydrophobic face of
the RII-like helix reside within 2.7 and 4.4 A of PKA-C G136,
respectively. Accordingly, purified, phosphorylated SMO
S570C or A574C formed a specific disulfide bond with PKA-
C G136C (Fig. 2C and fig. S6B), demonstrating that the SMO
RII-like helix directly contacts the PKA-C hinge region, con-
sistent with the AlphaFold model.

To assess the impact of the SMO RII-like helix on SMO /
PKA-C interactions and Hh signal transduction, we utilized
mutational analysis. A previous systematic scanning muta-
genesis study of SMO intracellular regions identified eight
amino acids that, when mutated individually to alanine (or
to glycine, for alanines in the wild-type sequence), prevent
Hh-induced activation of a GLI transcriptional reporter, via
an unknown mechanism (66). Notably, six out of eight of
these residues are within the SMO RII-like helix, and four of
the six (S570, 1573, F577, R580) directly engage PKA-C in our
AlphaFold model (Fig. 2D). We confirmed these observa-
tions by showing that alanine substitution of 1573 and F577,
either individually (I573A or F577A) or in combination with
R580A (IFR > AAA), abolished GLI reporter activation by
native Sonic hedgehog proteins (ShhN) or the direct SMO
agonist SAG21k (Fig. 2D and fig. S6C). The remaining two
essential residues in the RII-like helix (A574, A576) (66) do
not face PKA-C, but the mutations analyzed previously
(A574G, A576G) (66) likely hindered formation of the RII-
like helix, as glycine is a known helix-destabilizing residue.
To further evaluate the requirement for helicity, we engi-
neered a helix-breaking mutation at SMO K575, a non-PKA-
C-interacting residue within the RII-like helix. Whereas ala-
nine substitution of this residue only modestly (<50%) de-
creased GLI reporter activation (66), substitution with pro-
line, a potent helix-disrupting residue, abolished GLI tran-
scriptional activation (Fig. 2E and fig. S6C). Finally, the RII-
like helix is stabilized via a hydrophobic interface with the
PKI-like helix (fig. S6D), and substitution of one or both va-
lines underlying this interface with a hydrophilic residue, as-
partate (SMO V626D and V630D), destabilized the interface
in MD simulations (fig. S3B) and eliminated GLI transcrip-
tional activation in cells (Fig. 2E and fig. S6, C and D). Con-
trol experiments established that the inability of these mu-
tants to signal cannot be explained by defects in SMO expres-
sion, ciliary localization, or agonist-induced GRK2/3 phos-
phorylation (fig. S6, E and F), consistent with previous find-
ings (13, 66, 67).

A parsimonious explanation for the Hh signaling loss-of-
function mutations in the SMO RII-like helix and PKI-like
helix is that these mutations all block Hh signal transduction
by compromising a key binding interface formed by the SMO
RII-like helix and PKA-C hinge region. Consistent with this
hypothesis, the region of SMO encompassing the RII-like he-
lix (570-581) is critical for interactions with PKA-C in cul-
tured cell bioluminescence resonance energy transfer
(BRET) assays (13). To quantitatively assess the role of the
SMO RII-like helix in mediating SMO / PKA-C interactions,
we developed a surface plasmon resonance (SPR) assay to
measure the affinity of PKA-C for near-full-length, GRK2/3-
phosphorylated SMO (pSMO) reconstituted into nanodiscs
in vitro. In this assay, wild-type pSMO bound PKA-C with
high affinity (Kp = 82 +/- 11 nM) (Fig. 2F and fig. S7; Sup-
plementary Text 4), while the IFR-> AAA mutation
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Figure 3: SMO phosphorylation generates new structural elements that stabilize the PKA-C complex. (A) AlphaFold model of the SMO / PKA-
C complex (SMO in blue, PKA-C in olive/white), with GRK2/3-phosphorylated S/T residues (red) and conserved K/R residues highlighted in the SMO
pCT. SMO helix 8 and the RII-like helix are indicated for orientation. (B) Stability of the SMO pCT in its phosphorylated vs nonphosphoryated states
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was assessed in MD simulations by applying a force vector (indicated by the direction of the blue arrow) to unfold the pCT, then quantifying the force
required to achieve a constant velocity of unfolding (69, 70), monitored as the distance between the red and green spheres. Top: Beginning (1) and
ending (2) states for the MD simulation (states are marked on the bottom right graph) with a vector indicating the direction of applied force. Bottom:
Graphs showing "extension " (distance between the red and green spheres at the ends of SMO) on the X-axes and either "number of polar contacts"
or “applied force” on the Y-axis for phosphorylated (blue) vs nonphosphorylated (black) SMO, showing that SMO phosphorylation increases the
number of intramolecular polar contacts leading to an increased force required to unfold the SMO pCT. (C) Wild-type SMO or the 5KE mutant
(underlined K/R residues mutated to Es) were analyzed via a GLI transcriptional reporter assay in Smo” MEFs, performed as in Fig. 2, C and D. (D)
Representative HDX-MS mass spectral envelope (tex= 5 min) of the indicated peptide in SMO helix 8 (539-546) or the Rll-like helix (577-590) in the
phosphorylated vs nonphosphorylated SMO / PKA-C complex (pSMO / PKA-C (3™ row) vs SMO / PKA-C (4" row), respectively). The deuterium
uptake is shown for each spectrum on the top right. Centroids are indicated by red dashed lines. (E) Disulfide trapping of PKA-C wild-type or G136C
(in a minimal cysteine ((-)Cys construct) with phosphorylated vs nonphosphorylated, SAG21k-bound SMO (pSMO vs SMO, respectively), as in Fig.
2C. Band intensity is quantified in the graph at right, and represents mean +/- standard deviation from 3 independent trials. Representative gel image

corresponding to disulfide trapping of phosphorylated wild-type vs S570C pSMO is shown in Fig. 2C.

significantly weakened the interaction (Kp 222 +/- 63 nM)
(Fig. 2F, fig. S7). Although the effects of the mutation were
less pronounced in the in vitro binding assay compared to
the cell-based GLI transcriptional reporter assay (Fig. 2D),
possibly arising from differences in the dynamic range of
each assay or in the level of SMO phosphorylation in each
experiment (Supplementary Text 4), these results are con-
sistent with the role of the RII-like helix in mediating the
SMO / PKA-C interaction.

In sum, our AlphaFold modeling, HDX-MS, disulfide trap-
ping, and mutational analyses demonstrate that SMO binds
PKA-C by structurally mimicking the PKA-RII subunit in
PKA holoenzymes.

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

GRK2/3 dramatically enhances the SMO / PKA-C interac-
tion (15) by phosphorylating active SMO at eight conserved
serines and threonines within the pCT that we mapped via
mass spectrometry (13, 15) (fig. S8A). Five of these residues
(pS560, pS594, pT597, pS599, pS615) reside in the N-termi-
nal portion of the pCT, preceding the PKI-like helix, while
three (pS642, pT644, pT648) are located C-terminal to the in-
hibitor sequence (Fig. 1B). Our AlphaFold models immedi-
ately suggest mechanisms by which phosphorylation in each
of these regions enhances the SMO / PKA-C interaction.

The five N-terminal phosphorylated residues localize near a
stretch of seven conserved lysines and arginines (K/R) (Fig.
3A, fig. S8B). We hypothesize that phosphorylation fosters
electrostatic interactions between the negatively charged
phospho-serines / threonines (pS/pT) and positively charged
K/Rs. This will constrain the otherwise disordered SMO cy-
toplasmic tail into a more compact, ordered state conducive
to forming key secondary structures in the PKA-C binding
interface, namely the RII-like helix and the PKI-like helix.
Thus, we postulate that a phosphorylation-driven intramo-
lecular electrostatic switch in SMO drives SMO / PKA-C in-
teractions.

Several computational and experimental results support our
proposed mechanism. First, using MD simulations to deter-
mine the stability of the SMO pCT in the presence or absence
of phosphorylation, we found that interactions between the
pS/pT and K/R residues create polar contacts that stabilize
the conditionally folded state of the pCT (Fig. 3B). Second,

mutation of K/R residues within this conserved SMO se-
quence stretch (5KE) reduced the affinity of SMO for PKA-
C invitro (Fig. 2F, fig. S7) and eliminated GLI reporter acti-
vation in cultured cells (Fig. 3C and fig. S8C), without block-
ing SMO expression, trafficking, or agonist-induced phos-
phorylation (fig. S6, E and F). Thus, the K/R stretch in the
SMO pCT is essential for SMO / PKA-C interactions and Hh
signal transduction, paralleling findings for the GRK2/3
phosphorylation sites (13) and PKA-C-interacting residues
in the RII-like helix (Fig. 2, D and E). Third, HDX-MS stud-
ies of phosphorylated vs. nonphosphorylated SMO / PKA-C
complexes (Supplementary Text 3) revealed that phosphor-
ylation leads to a pronounced deuterium exchange protec-
tion (>0.5 Da) in a peptide comprising the majority of the
SMO RII-like helix (577-590), and another comprising most
of the amphipathic helix 8 from the 7TM domain (539-546)
(Fig. 3D and fig. S6A and fig. S9, A to C), which runs parallel
to the membrane and lies just above the pS/pT and K/R res-
idues (Fig. 3A). Despite the high relative concentrations of
SMO and PKA-C in these disulfide-trapped complexes, little
to no protection occurs at SMO helix 8 or the RII-like helix
unless SMO is phosphorylated, highlighting the profound
importance of phosphorylation for stabilizing the SMO pCT
and facilitating binding to PKA-C. Lastly, disulfide trapping
between SMO S570C or A574C in the SMO RII-like helix and
G136C in the PKA-C hinge region is substantially weaker
when SMO is not GRK2/3-phosphorylated (Fig. 3E and fig.
S9D), directly demonstrating that phosphorylation stabilizes
an essential SMO / PKA-C binding interface.

Besides these five GRK2/3-phosphorylated residues, SMO
also harbors three GRK2/3-phosphorylated residues C-ter-
minal to the PKA-C pseudosubstrate motif. Similarly, the
ryanodine receptor (RyR), a PKA-C substrate, has phosphor-
ylation sites for Ca**/calmodulin-dependent protein kinase
2 (CaMKII) located C-terminal to its PKA-C substrate motif
(fig. S9E), and CaMKII phosphorylation enhances RyR /
PKA-C interactions by promoting intermolecular hydrogen
bonds and stabilizing PKA-C-interacting structural ele-
ments (68). These findings suggest that GRK2/3 phosphory-
lation may utilize a similar strategy to enhance SMO / PKA-
C interactions in this region. Intriguingly, this region of SMO
is strongly protected upon GRK2/3 phosphorylation in
HDX-MS studies, consistent with a disorder-to-order transi-
tion, and the protection is enhanced when PKA-C is present
(fig. S9, E and F). While our AlphaFold models are of limited
confidence in this region of SMO, they hint that these
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GRK2/3-phosphorylated residues may enhance SMO’s abil-
ity to wrap around PKA-C (fig. S9G).

Taken together, our results demonstrate that SMO phos-
phorylation enables SMO / PKA-C binding by promoting in-
tra- and intermolecular electrostatic interactions that stabi-
lize conditionally folded regions within the SMO cytoplas-
mic domain, thereby remodeling it into a PKA-C-inhibiting
conformation.

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

Thus far, our analysis of SMO / PKA-C interactions has fo-
cused on structural similarities between SMO and classical
PKA-C inhibitors, namely PKI proteins and PKA-R subu-
nits. However, the SMO / PKA-C complex engages in a sec-
ond, parallel form of structural mimicry of canonical GPCRs
in complex with conventional downstream effectors such as
G proteins and B-arrestins (16, 17, 24). Comparing our SMO
/ PKA-C model to an empirical structure of a prototypical
GPCR bound to a -arrestin (71) (M2 muscarinic receptor
(M2AchR)/ B-arrestinl) reveals an overall architectural sim-
ilarity between these complexes (Fig. 4A). Moreover, the
SMO 7TM domain, as well as membrane lipids, contribute
to the SMO / PKA-C interaction in a number of ways that
echo GPCR-effector complexes.

First, a region of the SMO pCT, termed the reentrant loop
(602-609), inserts into a cavity at the intracellular face of the
7TM domain (Fig. 4B). This cavity is a nexus for protein-pro-
tein interactions in GPCRs - it opens selectively upon con-
formational activation of the GPCR 7TM domain, enabling
helical elements or loops from G proteins (72, 73), GRKs (74,
75), B-arrestins (65, 71, 76), and conformation-specific nano-
bodies (11, 63, 77) to selectively engage the GPCR in its acti-
vated state (fig. S10A). In the f2-adrenergic receptor, a con-
ventional GPCR, the receptor’s cytoplasmic tail interacts
with its 7TM domain, which restricts access of G proteins to
the 7TM cavity to dampen downstream signaling (39). For
SMO, in contrast, this reentrant loop / cavity interaction is
expected to promote signaling to PKA-C, as it draws the
pseudosubstrate motif and RII-like helix close together (Fig.
4B), into an optimal configuration to bind to the PKA-C
hinge region and active-site cleft. Accordingly, deletion or
alanine substitution of residues in the reentrant loop
strongly inhibited GLI reporter activation (Fig. 4C), without
substantially affecting expression, ciliary trafficking, or abil-
ity to undergo GRK2/3-mediated phosphorylation (fig. S6, E
and F). Although AlphaFold’s pLDDT scores in this region
(50-70) are modest, the interaction between the SMO reen-
trant loop and 7TM cavity remains throughout all-atom MD
simulations (Fig. 4D), occurs in SMO / PKA-C complexes
from multiple orthologs (fig. S2B), and persists even when
the SMO 7TM domain and reentrant loop are modeled as
separate polypeptide sequences (fig. S10B). These results

underscore how the SMO 7TM cavity, like those in other
GPCRs, enables critical interactions with downstream effec-
tors.

Second, intracellular loops (ICLs) 1 and 2 of the SMO 7TM
domain engage the surface of PKA-C’s C-lobe, similar to ICL
interactions in canonical GPCR complexes with their effec-
tors (65, 71, 72, 74) (fig. S10C). In GPCR / B-arrestin com-
plexes, the ICLs can bind to several distinct $-arrestin sur-
faces (fig. S10C), leading to a range of conformations which
may contribute to diverse signaling outcomes (16, 17, 78, 79).
The SMO / PKA-C complex may exhibit similar conforma-
tional heterogeneity, as AlphaFold produces two classes of
conformations of the SMO / PKA-C complex with the ICLs
engaging distinct C-lobe interfaces (fig. S10C) involving the
PKA-C aD-aE and aG-oH loops (Fig. 4B and fig. S11A; Sup-
plementary Text 2). These binding interfaces resemble dock-
ing sites those used by other PKA-C interactors, such as
PKA-R’s cyclic nucleotide binding domains (CNBD) (31, 51)
and the cystic fibrosis transmembrane regulator (CFTR) ion
channel (80); furthermore, the aG-oH loop functions as a
hub for protein-protein interactions throughout the AGC ki-
nase family (81). HDX-MS studies revealed strong protection
of the PKA-C aG-aH region in the SMO / PKA-C complex
compared to PKA-C alone (fig. S11A), supporting the for-
mation of this interface in the SMO / PKA-C complex.

Third, our AlphaFold models suggest roles for lipids in SMO
/ PKA-C interactions. Lipids stabilize conventional GPCR
signaling complexes at the membrane, in part by increasing
local concentrations of the GPCR effector at the membrane
inner leaflet (71, 74, 82-87). Membrane lipids may play anal-
ogous stabilizing roles in the SMO / PKA-C complex. In sup-
port of this hypothesis, HDX-MS studies revealed that a re-
gion of the PKA-C C-lobe (313-327) modeled by AlphaFold
to face upward toward the membrane undergoes protection
in the SMO / PKA-C complex (Fig. 4E and fig. S11B), sugges-
tive of direct interactions with the membrane (or the deter-
gent micelle in our in vitro systems). These interactions may
be electrostatic in nature, as the SMO / PKA-C complex pre-
sents a highly electropositive surface near the membrane, fa-
voring interactions with negatively charged phospholipid
head groups (fig. S11C). Alternatively, or in addition, PKA-
C is N-terminally myristylated, and this moiety can be mo-
bilized from its hydrophobic binding pocket between the c A
helix and the C lobe to promote membrane interactions (80,
88-93). Although AlphaFold cannot yet incorporate mem-
branes or N-myristyl groups, it is intriguing that the PKA-C
N-terminus is oriented toward the membrane in our Al-
phaFold models, which may facilitate membrane insertion
of the myristyl moiety (Fig. 4A). Thus, lipid interactions may
stabilize the SMO / PKA-C complex at the membrane inner
leaflet.
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Figure 4: Structural mimicry of canonical GPCR-effector signaling complexes. (A) Comparison of the SMO / PKA-C model (left) with the
m2AchR / Barrestin1 structure (right). Locations of interaction sites in the C-terminus (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-C interacting with SMO ICL
domains are indicated. The reentrant loop region of the SMO pCT (residues 602-609) is shown in red. (C) GLI reporter assay for the indicated
deletions or alanine substitutions in the SMO reentrant loop (see (B)). (D) Structural snapshots of the complex between phosphorylated SMO (blue)
and PKA-C (olive) (one snapshot every 300 ns, 3 ps of simulation time). Each frame is aligned on the PKA-C subunit. Reentrant loop region of SMO
pCT is highlighted in green. (E) HDX-MS data for region of PKA-C C-terminal to the al helix (residues 313-327) in its apo (top), SMO-bound (middle),
or pSMO-bound (bottom) forms, determined at tex = 10 min and plotted as in Fig. 2B. Bimodal deconvolution of the PKA-C 313-327 spectra revealed
high-exchanging (blue) and low-exchanging (green) populations, suggesting two non-interconverting states of the SMO / PKA-C complex.

Lastly, HDX-MS measurements revealed that PKA-C bind-
ing causes conformational changes in several regions of
SMO that do not directly contact the kinase, including trans-
membrane helices 5 and 6 (fig. S12A), as well as its sterol-
binding extracellular cysteine-rich domain (CRD) (6-11)
(fig. S12B). These conformational changes are reminiscent
of the allosteric structural effects that occur when canonical
GPCRs bind their cytoplasmic signaling partners (94-98).

Overall, our findings illustrate how the SMO / PKA-C com-
plex, despite an entirely different molecular composition,
mimics the protein and lipid interfaces, as well as the allo-
steric conformational changes, seen in canonical GPCR as-
semblies with their effectors.
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Figure 5: 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) due to insufficient phosphor-
ylation 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 and RII-like helices)
in the pCT and enables SMO to form a complex with PKA-C. PKA-C binding reinforces the SMO pCT secondary structures, further enhancing
complex formation. Right. The SMO inhibitor sequence (blue wedge) enters the PKA-C active site to interrupt PKA-C’s catalytic cycle. Conse-
quently, GLI is released from phosphorylation-induced inhibition, leading to transcription of Hh pathway target genes. See main text for additional

details.

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

Based on our findings, we propose the following model for
how Hh signals are transduced across the membrane by the
SMO / PKA-C complex (Fig. 5).

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. 5, left panel).

In the pathway “on” state, Hh proteins bind to and inactivate
PTCHI1. Consequently, SMO binds membrane sterols (6-12)
and assumes an active conformation (11), enabling recogni-
tion and phosphorylation by GRK2/3 (13, 15). SMO phos-
phorylation stabilizes the pCT via intramolecular electro-
static contacts, enabling formation of secondary structures
such as the RII-like helix and the PKI-like helix that mimic
PKA-C-interacting regions in classical PKA inhibitors. Bind-
ing 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 (34, 35), such
as when intrinsically disordered PKI proteins interact with
PKA-C (29). The SMO 7TM cavity stabilizes the SMO/PKA-
C complex by bringing the PKI-like and RII-like helices
closer together, while the SMO ICLs and membrane lipids
provide additional PKA-C docking surfaces that enhance
SMO / PKA-C complex formation via an avidity effect (Fig.
5, middle panel). These interactions cooperate to facilitate
insertion of the SMO inhibitor sequence into PKA-C’s active
site which interrupts the enzyme’s catalytic cycle, inhibiting

GLI phosphorylation to ultimately elicit transcription of Hh
pathway target genes (Fig. 5, right panel).

Thus, SMO active state-dependent phosphorylation remod-
els SMO into a “parallel holoenzyme”, analogous to the
PKA-R / PKA-C holoenzyme, that blocks PKA-C activity us-
ing principles borrowed from canonical GPCR and kinase
signaling assemblies.

Discussion

By merging computational structural approaches with HDX-
MS, biochemical studies, and functional assays, we have de-
lineated a structural mechanism for a key step in Hh signal
transduction, namely how the active state of SMO directly
binds and inhibits PKA-C to transmit Hh signals intracellu-
larly. Our study was enabled by AlphaFold (44, 45, 49),
which provide here the first structural snapshots of SMO’s
intrinsically disordered C-terminus in its conditionally
folded, PKA-C-bound conformation. The AlphaFold model
aligns well with our computational and experimental find-
ings, indicating that it depicts the SMO / PKA-C complex in
a physiological state. Our work highlights the power of Al-
phaFold and similar algorithms to probe protein assemblies
that have eluded empirical structural approaches. The strat-
egy utilized here may be more broadly applicable to condi-
tionally folding IDRs and has the potential to reveal the
functions of this ubiquitous, essential, and poorly under-
stood class of sequences (34-36, 99).

Our work reveals surprisingly extensive parallels between

the SMO / PKA-C complex and canonical GPCR and PKA
signaling assemblies. Like PKA-R subunits, SMO binds
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PKA-C by combining a central active site-binding inhibitor
sequence with auxiliary elements contacting peripheral ki-
nase surfaces (2, 25, 27). This mimicry is exemplified by the
SMO RII-like helix, which, in a remarkable example of evo-
lutionary convergence, utilizes nearly the same strategy to
engage PKA-C as does the PKA-RIIS 4-5 loop (32), despite
no discernible primary sequence or secondary structural ho-
mology. In the same vein, the SMO / PKA-C interaction ech-
oes the tripartite binding mode of canonical GPCR / -arres-
tin complexes, which utilize the receptor C-terminus, intra-
cellular 7TM surface, and membrane lipids (16, 17).

However, a notable distinction between SMO and canonical
GPCR signaling complexes lies in how phosphorylation trig-
gers receptor / effector binding: while GPCR / f-arrestin
complexes rely on insertion of a phosphorylated receptor
peptide into a preformed, positively charged (-arrestin
groove (65, 71, 100), SMO phosphorylation induces a large-
scale rearrangement of the SMO C-terminus into a partially
ordered state defined by PKA-C-interacting structural ele-
ments. This mechanism is well-suited to regulate the SMO /
PKA-C interaction, as it couples SMO activation to PKA-C
binding while also taking advantage of well-established
docking motifs on PKA-C, including the aF-aG region, ATP-
binding pocket and aG-aH region (31, 32, 51). The GRK2/3-
phosphorylated SMO residues may directly stabilize the RII-
like helix, as suggested by their proximity to conserved and
essential K/R residues in or near this helix. Alternatively, or
in addition, interactions between GRK2/3-phosphorylation
sites and K/R residues may facilitate the folding of the SMO
pCT by stabilizing key intermediates in the folding process,
and thereby overcoming the energy barrier to achieving a
folded state, similar to other proteins with phosphorylated
IDRs (34, 101, 102). In the Hh pathway “off” state, negatively
charged lipids may anchor SMO pCT K/R residues at the
membrane inner leaflet (as suggested by prior MD simula-
tions (103, 104)); this may inhibit SMO / PKA-C interactions
by preventing spontaneous formation of SMO pCT second-
ary structures when SMO is not phosphorylated, ensuring
tight control of Hh signal transduction when SMO is inac-
tive.

Our AlphaFold prediction shows high pLDDT scores partic-
ularly in the RII-like helix and pseudosubstrate motif, indi-
cating a high level of confidence in these regions of the
model. The lower pLDDT scores in other SMO pCT regions
may not arise from a deficiency in the AlphaFold prediction
per se, but rather may reflect the lack of a single, stable con-
formation even in the presence of PKA-C. Such conforma-
tional heterogeneity is not unique to SMO, and is indeed
characteristic of many GPCRs (16, 17, 78), potentially ex-
plaining why large segments of GPCR intracellular domains
remain disordered (and therefore unresolved) in empirical
structures of GPCR-effector complexes. AlphaFold gener-
ated one major class of models for the SMO / PKA-C com-
plex as well as a second, less prevalent class. These two clas-
ses may represent intermediates in the SMO-PKA signaling

process, or unique signaling states that lead to distinct down-
stream outcomes. Future studies can address these possibil-
ities and might reveal additional conformations of the SMO
/ PKA-C complex not captured by our models.

In conclusion, our work provides a structural mechanism for
how SMO binds and inhibits PKA-C, illuminating a pivotal
step in Hh signal transduction. Blocking the SMO / PKA-C
interfaces characterized here may provide a new therapeutic
strategy to thwart ectopic Hh signaling in cancers, especially
when resistance to SMO orthosteric site inhibitors develops
(105, 106). Beyond SMO, our study has broad implications
for kinases and GPCRs. First, how PKA-C recognizes its
physiological substrates remains structurally unresolved, as
existing structures are mostly limited to PKA-C complexes
with short peptide substrates (26, 50, 107, 108). Our study
suggests that substrate IDRs, where most kinase phosphory-
lation motifs reside (109-111), facilitate substrate recogni-
tion by forming transient PKA-C-interacting elements simi-
lar to the IDR in SMO, a hypothesis readily testable using the
strategies described here. Second, numerous canonical
GPCRs undergo dual phosphorylation by PKA and GRK ki-
nases (112-114), profoundly affecting receptor-mediated sig-
naling, but how GRK phosphorylation influences PKA phos-
phorylation (and vice versa) remains poorly understood. The
SMO / PKA-C complex may provide a valuable model to
study the interplay between GRK and PKA binding to
GPCRs at a structural level, shedding light on a widespread
GPCR-regulatory mechanism. Finally, our work shows how
GRK-mediated phosphorylation can induce large-scale re-
modeling and conditional folding of a GPCR’s IDR seg-
ments, enabling binding and regulation of an essential
downstream effector. Phosphorylation-induced remodeling
of IDRs may operate broadly throughout the GPCR super-
family to enable interactions with conventional (115) or un-
conventional effectors, leading to an expanded array of reg-
ulatory complexes, downstream signaling outputs, and bio-
logical outcomes. Understanding and controlling these pro-
cesses across GPCRs represents an exciting future challenge.
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Materials and Methods

AlphaFold modeling

AlphaFold 2.3.0 modeling was performed with localcolabfold (1) down-
loaded from https://github.com/YoshitakaMo/localcolabfold on a Dell Al-
ienware desktop machine with an RTX 4090 GPU of 24 Gbytes. We pro-
duced 50 models with 10 seeds and all 5 AlphaFold v2.3 weight sets without
the use of templates from the Protein Data Bank (PDB). This was performed
for various constructs (e.g. full-length mouse SMO and various truncations,
and sequences from different species). A sample command is provided here:

colabfold batch --model-type alphafold2 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*ipTM +
0.2*pTM. Structures were visualized in PyMOL (v.2.5, Schrédinger, Inc.).

AlphaFold 3 models were obtained from the AlphaFold3 server
(https://golgi.sandbox.google.com/), which is the only form of AlphaFold3
available at this time. For models with PKA-C, two Mg** ions and ATP were
included as ligands. Phosphorylation sites were manually entered via the
PTM option on the server. Models were produced of complexes of phos-
phorylated mouse PKA-C (pT197 and pS338) and phosphorylated mouse
SMO (GRK2/3 sites: pS560, pS594, pT597, pS599, pS642, pT644, pT648),
along with non-GRK2/3 sites S578 and S666, all described previously (2), as
well as pS615, identified and described here (fig. S8A). Five random seeds
were used (by submitting identical jobs 5 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 in Results.

As discussed above, AlphaFold 2.3.0 produced two distinct orientations of
the GPCR domain of SMO with respect to the kinase domain of PKA-C,
which we designated confl and conf2. The top ipTM scores of confl and
conf2 were 0.84 and 0.80 respectively. AlphaFold3 models most closely

resembled confl AlphaFold2.3 models. The highest scoring AlphaFold3
model had a chain_pair_ipTM of 0.78 for the SMO/PKA-C interaction.

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

AlphaFold models discussed in this manuscript are available for download from
Zenodo at the following URL:

https://zenodo.org/records/13826713?token=eyJhbGciOiJIUzUxMiJ9.ey-
JpZCI16ImI0OOWM40OGNmLWEwWZWUINDESMilhYjUx-
LTEXZTA3ZGM4ZDIONSIsImRhdGEiOnt9LCJyY W 5kb20i0iJ-
mMmVIMmE4N;IwMzM4NzViODYzMGE5Mjg20WVmZTA2YSJ9.j6i3N
0OI5kjscJuGNtQ26KpWItN7CM-dAOoorGXMyWIXxVEFAIxw2gNf-Jda-
JvKPQkJ-iZfniZtvgvY mkEtjalmg

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) or FLAG-SMOACT (as above, but with SMO residues 64-566)
in pVLADG6 were described previously (2, 3). For expression and purifica-
tion of the soluble SMO pCT, we used the pHTSHP vector as previously de-
scribed (4). For GLI reporter assays, full-length mouse SMO in the pGEN
vector with C-terminal his and myc tags was described previously (2, 4, 5).
For ciliary localization studies, FLAG-SMO-nanoluc-IRES-mNG3k/pEF5-
FRT-hygro was previously described (3). N-terminally His-tagged GRK2 /
pFastBac (6) and mouse PKA-C in pRSET-b (4) were previously described.
A minimal-cysteine (Cys) PKA-C construct (PKA-C C199A) was used as
the background to introduce the PKA-C G137C mutation. Mutant DNA
constructs in the above vectors were prepared in-house via Gibson assem-
bly, or commercially (Epoch Life Sciences; Missouri City, TX), and verified
by Sanger and/or next-generation sequencing before use.

Cell culture and transfections

HEK293 suspension cells were cultured and transfected or BacMam-in-
fected as previously described (2-4). Smo” MEFs were cultured and transi-
ently transfected as previously described (2, 4, 7). NIH3T3 Flp-in cells were
cultured and stably transfected via Flp-in integration, as previously de-
scribed (3).

Small molecules, antibodies, and other reagents

SAG21k was a gift from P. Beachy. Vismodegib was obtained from LC La-
boratories (V-4050). KAADcyc was obtained from Toronto Research Chem-
icals (K171000). Cmpd101 was obtained from Hello Bio (HB2840). Control
or ShhN conditioned medium was prepared as previously described (8). The
following antibodies were used in this study: mouse anti-FLAG M2 (Sigma,
F3165), rat anti-Arl13b (BiCell Scientific, 90413), rabbit anti-AcTubulin
(Enzo Life Sciences, BML-SA452-0100), rabbit anti-pSMO (3) (7TM Anti-
bodies, 7TM0239A), mouse anti-myc (clone 4A6, Millipore 05-724). Alexa-
conjugated (Thermo Fisher) pr HRP-conjugated (Promega) secondary anti-
bodies were used for immunofluorescence or Western blotting detection,
respectively.

Protein purification and in vitro phosphorylation

To obtained phosphorylated SMO, FLAG-SMO was expressed in HEK293
Freestyle or HEK293 GnTI- cells, along with GRK2-eGFP, using the Bac-
Mam approach in the presence of 10mM sodium butyrate and 1 uM SAG21k
and purified via FLAG affinity chromatography and gel filtration chroma-
tography, then followed by in vitro GRK2 phosphorylation as previously de-
scribed (3). To obtain nonphosphorylated SMO, we followed the same pro-
cedure except that 1) SMO inverse agonist vismodegib was used in place of
SMO agonist SAG21k during expression and purification; 2) the GRK2 co-
expression and GRK2 in vitro phosphorylation steps were omitted, as previ-
ously described (3). The soluble SMO pCT was expressed and purified from
E. coli via sequential NiNTA affinity, SUMO tag cleavage / reverse NiNTA,
cation exchange, and gel filtration as previously described (4), with the fol-
lowing modifications: (1) E. coli were grown in LB rather than TB; (2) ex-
pression was induced by adding IPTG and incubating the cells at 30°C for 5
hrs; (3) the SUMO tag cleavage and overnight 4°C dialysis steps were com-
bined. MSP1E3D1 scaffold protein was expressed and purified as previously
described (9).
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His-tagged GRK2 was expressed in High Five cells via baculovirus and pu-
rified via NINTA affinity chromatography and gel filtration chromatog-
raphy as previously described (3, 6).

Wild-type, nonmyristylated mouse PKA-C was used for HDX-MS and disul-
fide trapping studies, and was expressed in E. coli and purified via IP20
chromatography as previously described (4, 10). SPR studies utilized myri-
stylated PKA-C, which was prepared by coexpression with yeast N-myri-
styltransferase in E.coli BL21(DE3) cells as described previously (11). AK7C
mutation was introduced into PKA-C to increase myristylation efficiency in
E. coli, as described previously (12, 13), and myristylated PKA-C was puri-
fied via IP20 chromatography. To confirm myristylation, IP20 purified
PKA-C was run over a MonoS column and eluted protein samples were di-
alyzed into buffer containing 20mM KH2PO4 pH 6.5, 50mM KCl and 1mM
TCEP and submitted to the Molecular Mass Spectrometry Facility at UC San
Diego. Intact protein analysis was performed by using an Agilent 6230 time-
of-flight mass spectrometer (TOFMS) coupled with an Agilent 1260 liquid
chromatography (LC) system. The Jet Stream ESI source was operated un-
der positive ion mode with the following parameters: VCap = 3500 V, frag-
mentor voltage = 175 V, drying gas temperature = 325 °C, sheath gas tem-
perature = 325 °C, drying gas flow rate = 10 L / min, sheath gas flow rate =
10 L / min, and nebulizer pressure = 40 psi. The chromatographic separa-
tion was performed at room temperature on a Phenomenex Aeris Wide-
pore C-4 column (2.1 mm ID x 50mm length, 3.6 um particle size). Mobile
phase A was HPLC-grade water with 0.1% TFA, and HPLC grade Acetoni-
trile with 0.1% TFA was used as mobile phase B. The mobile phase was de-
livered at a rate of 0.3 ml/min under gradient conditions as followed: In-
creased from 5% mobile phase B to 90% mobile phase B in 12 minutes, held
at 90% mobile phase B for 2 minutes, returned to 5% mobile phase B in 1
minute, and equilibrated with 5% mobile phase B for 7 minutes. Agilent
MassHunter software was used for data acquisition and analysis.

SPR studies

For SPR studies, SMO was reconstituted into biotinylated MSP1E3D1 nano-
discs via a minor modification of previously published procedures (9), sum-
marized below. His-tagged MSP1E3D1 scaffold protein biotinylated as pre-
viously described (9) except that a 1:10 molar ratio of MSPE3D1 to NHS-
biotin was used, and the extent of biotinylation was assessed by monitoring
capture of biotinylated MSPE3D1 on streptavidin magnetic beads (Thermo
Fisher, 88816). SMO proteins were subject in vitro phosphorylation and pu-
rification as previously described (3), except that we eliminated the gel fil-
tration step following FLAG purification of the GRK2 phosphorylation re-
action, and proceeded directly to nanodisc reconstitution. Nanodiscs were
assembled using a 1:10:857:2571 molar ratio of SMO:MSP1E3D1:lipid:cho-
late in 1x HEPES-NaCl-EDTA (HNE) buffer. A lipid mixture consisting of
92 mol% 3:2 POPC:POPG and 8 mol% cholesterol (dissolved in chloroform)
was placed in a borosilicate tube and dried under a stream of N2 gas to elim-
inate chloroform, followed by a 1-hour vacuum desiccation at room tem-
perature. Subsequently, sodium cholate was introduced to the lipid mixture,
followed by bath sonication for 10 minutes. Upon addition of water, an ad-
ditional 5 minutes of sonication was performed to ensure complete lipid
dissolution. Then, 20X HNE buffer (400 mM HEPES, 2000 mM Nacl, 20
mM EDTA), MSP1E3D1 protein, and SMO was added to the lipid mixture,
and incubated for 3 hours at 4°C. Detergent removal was achieved by add-
ing Bio-Beads (Bio-Rad) at a concentration of 14.5 mg per 100 pl reaction
volume, followed by overnight rotation at 4°C. The reconstituted SMO was
supplemented with 5 mM CaCl: and applied to an M1 FLAG affinity col-
umn (to remove excess MSP1E3D1 and GRK2 leftover from the in vitro
phosphorylation step). The sample was washed with 20 mM HEPES pH 7.5,
100 mM NacCl, and 5 mM CacCl,, then eluted using a buffer containing 20
mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA, and 0.2 mg/mL FLAG
peptide.

SPR interaction studies were performed in running buffer (20 mM MOPS,
pH 7.0, 150 mM NacCl, 100 uM EDTA, 1 mM ATP, 10 mM MgCl,, 0.001%
P20 surfactant) at 25 °C using Biacore 3000 instrument (GE Healthcare).
Measurements were performed using a Biotin CAPture Kit (Cytiva) to cap-
ture biotinylated SMO Nanodiscs according to the manufacturer’s instruc-
tions. Briefly, Biotin CAPture reagent was immobilized to a level of 3,000
response units (RU) on the Sensor Chip CAP at the beginning of each cycle,

followed by the sequential capture of respective SMO Nanodiscs (WT, DCT,
5KE, IFR->AAA) with a capture level of 250-350 RU on separate flow cells
(flow rate 10 ul min™"). Serial dilutions 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 ul min™" for 60 s (association) followed by 60 s dissocia-
tion in running buffer without PKA-Ca. Data were corrected (double refer-
encing) for nonspecific binding and buffer effects by subtracting SPR signals
from a flow cell with only CAPture reagent as well as blank runs by inject-
ing buffer without the analyte using Biacore 3000 Evaluation Software 4.1.1
(Cytiva). The sensor chip was regenerated by three sequential injections of
6 M GuHCIl/0.25 M NaOH, to remove the CAPture reagent until the base-
line level was reached. Steady-state analysis was performed with GraphPad
Prism 8.0.1 (GraphPad Software, Inc).

Analytical-scale SMO / PKA-C disulfide trapping studies

Phosphorylated or nonphosphorylated forms of wild-type 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, 1 uM SAG21K. PKA-C proteins were
buffer exchanged into this same buffer using Zeba 7k desalting columns. To
accurately compare disulfide trapping efficiencies between wild-type and
mutant proteins, we quantified each protein’s concentration by Aaso (ad-
justed for the extinction coefficient), then subjected each sample to a 2-fold
set of serial dilutions which were analyzed via 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 wild-
type and mutant proteins. For the reaction setup, 4 uL of SMO (12.5 uM), 4
uL of PKA (6.25 uM), 1 uL of 10X reaction buffer (10 uM SAG21K, 10 mM
ATP, 100 mM MgCl,), and 1 uL of 50 mM NaOH (to adjust reaction pH to
8.0). Samples were then incubated for 30 minutes at room temperature to
promote SMO / PKA-C complex formation. Following the initial incuba-
tion, diamide (prepared fresh before use) was added to each reaction at a
final concentration of 5 mM to initiate disulfide bond formation, and sam-
ples were incubated for 1 hour at room temperature. Subsequently, 10 uL of
2X Laemmli sample buffer (without reducing agent) was added to each
sample, which were then loaded onto a 4-20% SDS-PAGE gel. Disulfide
trapped quantification 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 normalized by
dividing it by the sum of the adjusted intensities of both the disulfide-
bonded product and free SMO.

A similar protocol was employed for the disulfide trapping of soluble SMO
pCT L637C with human PKA-C, with the following modifications. Both
SMO pCT L637C and human PKA-C (wild-type or C343S) were buffer-ex-
changed into 20 mM HEPES pH 8 and 150 mM NaCl following gel filtration.
During complex formation, 10 mM ATP and 100 mM MgCl: were added,
and the final concentrations of SMO pCT and PKA-C were 40 uM and 20
uM, respectively. The mixture was incubated for 3 hours following addition
of 5 mM diamide, and analyzed via SDS-PAGE as described above for the
near-full-length FLAG-SMO experiments.

CD studies

SMO pCT(565-657) was purified as described previously (8). Peak fractions
from gel filtration containing intact SMO pCT were pooled and subjected to
dialysis. Dialysis was performed using 3.5 kDa molecular weight cutoff tub-
ing in 1x PBS (pH 7.4) at 4°C for two overnight cycles. Post-dialysis, the pro-
tein concentration was adjusted to 40 uM. Circular Dichroism (CD) meas-
urements were conducted using an AVIV model 410 circular dichroism
spectrometer. Samples were analyzed in a 1 mm path-length, quartz cuvette
at 25°C, recording data every 2 nm across a wavelength range of 200-260
nm with a 3 s averaging time. Each condition, including a blanking control,
was measured in quintuplicate. The collected raw data were averaged and
blank-subtracted before normalization to mean residue molar ellipticity
([6] = 100 * ©6/(C * 1 * n), where C is concentration of protein in mM, 1 is
path length in centimeters, and n is the number of peptide bonds in the pro-
tein) using a custom Python script. Data points with dynode voltages ex-
ceeding 500 V were excluded (specifically at the 200 nm wavelength).

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

Large-scale pSMO L637C / PKA-C disulfide trapping for HDX-MS followed
a similar procedure as described in the preceding section, except that SMO
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and PKA-C were present at 12 uM and 24uM, respectively, and the reaction
was scaled up to 0.5 ml, and the diamide-induced disulfide bond formation
proceeded for 2 hours. The reaction was then subjected to gel filtration chro-
matography on a Superdex 200 Increase 10/300 GL column equilibrated in
20 mM HEPES pH 8, 50 mM NacCl, 0.01% GDN, 1 uM SAG21k, 10 mM
MgClI2, and 1 mM ATP. Fractions were analyzed by nonreducing SDS-
PAGE, and those containing the pSMO / PKA-C complex were pooled and
concentrated. The same procedure was used for disulfide trapping of non-
phosphorylated SMO L637C / PKA-C; note that to obtain nonphosphory-
lated SMO samples, we took the following steps during purification (see
“protein purification and in vitro phosphorylation” section above): vismo-
degib was used in place of SAG21k, GRK2 was not coexpressed with SMO,
and purified SMO was not subjected to in vitro GRK2 phosphorylation.

GLI reporter assays

GLI reporter assays on Smo”~ MEFs transiently transfected with wild-type
or mutant contructs, along with 8xGli-Firefly and SV40-Renilla dual lucif-
erase reporter plasmids, were performed as previously described (2, 7).

Monitoring phosphorylation of wild-type or mutant SMO via immunob-
lotting

HEK?293 Freestyle cells were cultured in Freestyle 293 Expression Medium
supplemented with 1% Fetal Bovine Serum, as previously described (7-9).
For transfection, 3 mL of HEK293 Freestyle cell culture (density: 3.0-4.0
million cells/mL) was transferred to a 6-well plate and incubated with 5 mM
sodium butyrate at 37°C in a 5% CO atmosphere for 15 minutes. Transfec-
tion complexes were prepared by combining 1.25 pug of SMO WT or mutant
DNA with 1.25 ug GRK2-GFP DNA in 250 uL OPTI-MEM I Reduced-Serum
Medium. The mixture was vortexed, followed by the addition of 7.5 pL of
TransIT-293 Reagent. After vortexing for 15 s, the mixture was incubated at
25°C for 15 minutes. The transfection complex was then added dropwise to
the cell culture and incubated in a shaking incubator at 37°C and 5% CO:
for 48 hours. Cells were treated with either SAG21k or SAG21k + Cmpd101
for 4 hours, harvested by centrifugation at 2000 x g for 10 minutes, flash-
frozen in liquid nitrogen, and stored at -80°C.

Cell pellets were resuspended in 500 uL of SDS-free RIPA buffer (50 mM
Tris, pH 7.5, 150 mM NacCl, 2% NP40, 0.25% sodium deoxycholate, 10% glyc-
erol) supplemented with Pierce protease and phosphatase inhibitor tablet.
The samples were homogenized by pipetting and incubated at 4°C for 1
hour with rotation. Lysates were clarified by centrifugation at 21,100 x g for
10 minutes. An input sample was separated, and the remaining supernatant
was incubated with 10 uL of ChromoTek Myc-Trap Magnetic Agarose at
4°C for 1 hour 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 $-mercaptoethanol and incubating at
25°C for 5 minutes.

Input and eluted samples were separated by SDS-PAGE using Criterion
Stain-Free gels, transferred to PVDF membranes, blocked with 5% milk,
and probed overnight with either rabbit anti-pSMO (7TM Antibodies,
7TM0239A) or mouse anti-myc (clone 4A6, Millipore 05-724). The relevant
secondary antibodies were applied for 2 hours, followed by chemilumines-
cent 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 (3). Briefly, stably
transfected cells were grown to confluency on glass coverslips, switched to
low-serum medium (DMEM + 0.5% FBS + pen-strep-glutamine) overnight
to induce ciliation, then treated for 4 hr to induce SMO ciliary accumula-
tion. Cells were washed, fixed in PFA, permeabilized with 0.1% Triton X-
100, blocked overnight in TBST + 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 mount-
ing medium. Images were acquired on a Leica SP8 laser scanning confocal
using a 40x water immersion lens. Identical zoom factors, exposure times,
and gain settings were used in all experiments. SMO signal in cilia was
quantified, background-subtracted, and graphed. Data for each condition

represent 100 cilia counted from two or more separate fields in two inde-
pendent trials.

MD simulations

Systems for simulations were generated using CHARMM-GUI (14-16) with
parameters for the protein component assigned from the CHARMM36m
forcefield (17) and for other components from the CHARMM?36 force field
(18). The AlphaFold 2.3.0 models of the SMO / PKA-C complex (confor-
mation 1 or 2) were embedded in a membrane consisting of POPC:POPG
(3:2) and 8% of cholesterol, in line with the composition of the SMO-con-
taining nanodiscs used in this study and previously (7). The receptor was
oriented using data from the OPM database (19). On the SMO C-tail the
GRK?2/3 phoshporylation sites, defined here (fig. S8) and in our previous
study (2), were included in the model (phosphorylated S560, S578, S594,
T597, S599, S615, S642, T644, T648, S666), while on the PKA residues S10,
S197 and T338 were phosphorylated, as these residues are known to be
phosphorylated in PKA-C purified from recombinant systems (20). Com-
plexes were solvated using TIP3P water. The net charge of the system was
kept at 0.15 using NaCl ions. The generated systems were equilibrated for
50ns, with constraints applied to protein backbone and ligand heavy atoms
using a timestep of 2fs. Pressure was kept at 1.0132 using the Berendsen
barostat. This was followed by 3 production runs of 1us in NVT conditions.
To assess the impact of mutations on the SMO PKI-like helix and RII-like
helix, we simulated the region of the SMO C-tail spanning from residue
D562 to R633, using the AlphaFold 3 model of the SMO / PKA-C complex
as a starting point. The protein was solvated with water and NaCl ions, and
the system underwent the same NPT equilibration protocol. Subsequently
each system was simulated in NVT conditions for 500 ns in 3 replicates. For
experiments to examine force-induced unfolding of the SMO pCT, we have
simulated the region of the SMO C-tail spanning from residue G558 to R632,
using the AlphaFold 3 model of the SMO / PKA-C complex as a starting
point. With constraints applied to the H558 N atom, the R632 was slowly
extended, by attaching a pseudo atom which was pulled away with in the
Z-plane with a constant velocity of 0.025 A/ps. The pseudo atom was con-
nected to R632 with an elastic bond with a spring constant of 1 kcal/mol/A2.
Simulations were carried out using NAMD (21) using a timestep of 2fs. Sim-
ulations were stopped when the protein reached a fully unfolded confor-
mation (283 A of extension). All simulations are available in the GPCRmd
platform.

HDX-MS sample preparation and data acquisition

Due to the instability of the SMO / PKA-C complex during gel filtration
chromatography (see main text), we used disulfide trapping to stabilize the
complex. The high specificity of this crosslink (C199 of PKA-C to 637 of
SMO (L637C) (Fig. 1D) enabled us to trap the complex without altering the
biological activity. The deuterium exchange reaction was carried out by di-
luting 3 uL of sample at ~15-20 uM in 57 uL deuterium exchange buffer
(94.99% D0, 20 mM HEPES pH 8.0, 150 mM NaCl, 0.025% Glycodiosgenin,
1 mM ATP, 10 mM MgCL) for a final deuteration of 89.99%. Phosphorylated
or nonphosphorylated SMO (L637C) / PKA-C complexes were prepared as
described above. HDX-MS runs carried out for pSMO (phosphorylated)
were performed in the presence of agonist SAG21k (1 uM) while runs with
nonphosphorylated SMO were performed in the presence of inverse agonist
KAAD cyclopamine (1 uM), to maintain SMO in an active or inactive con-
formation, respectively. To maintain SMO solubility, the buffer was also
supplemented with 0.025% GDN (a non-ionic detergent that is mass spec-
trometry compatible). The reactions were performed for free PKA-C, free
pSMO, free SMO, pSMO / PKA-C complex, and SMO / PKA-C complex. The
reactions were carried out at 25° C in triplicate for deuteration times 1 min,
5 min, 10 min and 30 min following which they were quenched by the ad-
dition of 60 uL quench buffer (1.5 M guanidinium hydrochloride, 0.25 M
TCEP) to bring the reaction to pH 2.5. Undeuterated control runs were also
performed in a buffer without D2O.

100 pL of quenched samples were injected into an ACQUITY nano-UPLC
HDX manager (Waters, USA) and proteolyzed in an immobilized BEH pep-
sin column in 0.1% formic acid running at a continuous flow rate of 100
uL/min to generate peptic peptides. The peptides were trapped in a Van-
Guard trap column and loaded into a C18 column and eluted in an acetoni-
trile gradient (8%-40%) in 0.1% formic acid following which the peptides
were ionized by electrospray ionization and sprayed into a Synapt XS

19


https://doi.org/10.1101/2024.10.31.621410
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.31.621410; this version posted November 1, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A Structural Mechanism for Noncanonical GPCR Signal Transduction in the Hedgehog Pathway

Quadrupole time of flight mass spectrometer where data was acquired in
HDMSE mode. Ion mobility settings of 600 m/s wave velocity and 197 m/s
transfer wave velocity were used with collision energies of 4V and 2V used
for trap and transfer respectively. Increasing high collision energy from 20-
45V with a cone voltage of 20V was used to scan an m/z range of 50-2000
m/z in positive ion mode. [Glu']-fibrinogen peptide B([Glu]fib) was (100
fmol/min) at a flow rate of 5 ul/min was used as a lockspray reference. The
entire run time was 15 min consisting of a 3 min proteolysis and 12 min
acquisition.

HDX-MS data analysis

The murine sequences of SMO (64-674) (Uniprot P56726) and PKA-C (Uni-
prot P05132) were used for peptide identification in Protein Lynx Global
server v3.0 (PLGS, Waters) in HDMSE mode with workflow parameters set
to non-specific proteolytic cleavage, variable phosphorylation at
Ser/Thr/Tyr. The PLGS results were combined with the raw spectra for
analysis in DynamX v3.0. The DynamX filters were minimum inten-
sity=2000, minimum products per amino acid=0.2, minimum peptide
length=5, maximum peptide length=25, maximum mass tolerance=10
ppm. Spectra were analyzed for each state by comparing the undertreated
run to the time point runs and state wise comparisons were also performed.
The final overall sequence coverage on SMO was 56.7% yielding 74 peptides
at an amino acid redundancy of 2.17. Correspondingly the sequence cover-
age on PKA-C was 86.3% yielding 72 peptides at an amino acid redundancy
of 2.56. Greater than 50% of all peptides in our data set showed HDX values
>1 Da, indicating efficient proton-deuterium exchange. Back exchange was
estimated to be 19.8% for the most deuterated peptide on phosphorylated
SMO residues 541-546 by considering the deuteration percentage and the
number of exchangeable amides from the 48hr fully deuterated data. We
designated 0.5 Da as the threshold value above which differences in HDX
values between experimental conditions (either positive or negative
via a Nanospray Flex nanoelectrospray source. For all analyses, samples
were loaded onto a 75 um ID C18 reverse phase column packed with 25 cm
ReprosilPur 1.9 pm, 120A particles (Dr. Maisch). Mobile phase A consisted
of 0.1% FA, and mobile phase B consisted of 0.1% FA/80% ACN. Peptides
were separated by an organic gradient from 2% to 28% mobile phase B over
32 minutes followed by an increase to 44%B over 19 minutes, then held at
90% B for 9 minutes at a flow rate of 300 nL/minute. Analytical columns
were equilibrated with 6 uL of mobile phase A. To build a spectral library,
the 4 biological replicates for each condition were pooled and acquired in a
data-dependent manner. Data dependent analysis (DDA) was performed by
acquiring a full MS1 scan over a m/z range of 350 to 1,250 in the Orbitrap
at 120,000 resolving power (@200 m/z) with a normalized AGC target of
100%, an RF lens setting of 40%, and a maximum ion injection time set to
“Auto.” Dynamic exclusion set to 30 seconds, with a 10 ppm exclusion
width setting. Peptides with charge states 2 to 6 were selected for MS/MS
interrogation using higher energy collisional dissociation (HCD), with a set
cycle time of 1 second. MS/MS scans were analyzed in the Orbitrap using
isolation width of 1.3 m/z, normalized HCD collision energy of 30%, nor-
malized AGC of 200% at a resolving power of 15,000, and with a maximum
ion injection time set to “Auto.” For all acquisitions, QCloud was used to
control instrument longitudinal performance during the project (24). All
proteomic data were searched against the human UniProt database (Uni-
Prot reviewed sequences downloaded 07/2018) augmented with the se-
quence of the affinity tagged mouse SMO. Peptide and protein identification
searches, as well as label-free quantitation were performed using the
MaxQuant data analysis algorithm (version 1.6.12.0) (25) using above de-
scribed parameters. The database search results were used to generate a

differences) are considered meaningful; this value was established based on
experimental uncertainty in deuterium uptake across several proteins at a
98% confidence interval, as defined previously (22).

Peptides displaying bimodal spectra were selected for bimodal analysis in
HXexpress v with four peptides from SMO being chosen for the analysis (96-
112, 142-151, 431-441 and 641-654). However, due to poor S/N ratios, pep-
tides 96-112 and 431-441 were excluded from the analysis. Bimodal analysis
was performed for peptides 142-151 and 641-654 and bimodal spectra were
assessed for statistical significance using a two-parameter metric: a p-value
of <0.05 and a confidence interval >95% in the regression metric. Two ad-
ditional parameters were also evaluated to prevent overfitting- the delta chi
metric and separation metric, as described previously (23).

Mapping SMO phosphorylation sites via targeted mass spectrometry
FLAG-tagged mouse SMO (residues 64-674) was purified from HEK293
cells treated with SMO modulators and/or GRK2/3 inhibitors, as described
previously (2). The purified protein extracts from different conditions were
denatured and reduced in 1.7 M urea, 50 mM Tris-HCIl pH 8.0, 1 mM DTT
at 37°C for 30 minutes, alkylated in the dark with 3 mM iodoacetamide at
room temperature for 45 minutes, and excess iodoacetamide was quenched
with 3mM DTT for 10 minutes at room temperature. For digestion, proteins
were incubated with 1 pg chymotrypsin at 37°C overnight. To stop the di-
gestion, samples were acidified with 0.5% trifluoroacetic acid (TFA). Di-
gested 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 Easy nLC 1200 ultra-high pres-
sure liquid chromatography system (Thermo Fisher Scientific) interfaced

spectral library in Skyline (version 20.2.0.343) (26) and to extract optimal
coordinates for targeted proteomics assays (so called parallel reaction mon-
itoring (PRM) assays). PRM measurements were performed on all 4 biolog-
ical replicates per condition separately using the above-described gradient
for spectral library generation but operating the Orbitrap Exploris 480 in
PRM mode. Targeted MS2 spectra were acquired using the following pa-
rameters: 60 k resolution, scan range set to “Auto,” HCD with 30% NCE, RF
lens setting of 50%, an AGC target set to = “Standard”, the maximum injec-
tion time set to “Dynamic,” desired minimum points across the peak set to
“9”, and an isolation window of 1.2 m/z. Selected SMO peptides were tar-
geted in 3-minute wide transition windows. The resulting data were ana-
lyzed with Skyline (version 20.2.0.343) for identification and quantification
of peptides [PMID: 20147306]. MSstats was used for statistical analysis (27).
Statistical analysis of unmodified SMO and detected phosphosites was per-
formed separately for the different digestion conditions using the statistical
framework Msstats (27). Intensities are estimated using the sample quanti-
fication function in MSstats which provides model-based estimation of
phosphosite and protein abundance combining individual peptide intensi-
ties. Quantification was graphed using Prism 8 (GraphPad). Raw data and
PRM transition files can be accessed, queried, and downloaded via Pano-
rama (https://panoramaweb.org/SMO phospho 2024.url) (28). Reviewer
access information:

Email: panorama+reviewer290@proteinms.net

Password: I018INrDtz?uZG
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Figure S1: SMO binds PKA-C via its intrinsically disordered C-terminus. (A) CD analysis of the purified SMO pCT, spanning residues 565-657
(40 pM). (B) AlphaFold 3 models of SMO from the phosphorylated SMO / PKA-C complex (blue) aligned with the AlphaFold 3 model of SMO alone,
with phosphorylation sites included (green), or the AlphaFold 2.3.0 model of SMO alone, downloaded from the EBI protein structure database (35),
in which phosphorylation sites were not explicitly specified (brown). (C) Comparison of different SMO / PKA-C conformational states captured by
AlphaFold 3 (blue) vs AlphaFold 2.3.0 (magenta or teal for conformations 1 or 2 (Conf1 or Conf2), respectively) (see Supplementary Text 2). Conf1
and Conf2 display near-identical positions for the PKI-like helix, Rll-like helix, and reentrant loop, but with the PKA-C rotated such that it presents a
new surface to the SMO 7TM domain. ipTM scores for Conf1 and Conf2 are 0.84 and 0.80, respectively. (D) Left: empirical structures of agonist
(SAG21k)-bound, active SMO (PDB: 603C) and PKA-C (PDB: 1ATP). Right: AlphaFold 3 model of the SMO / PKA-C complex. Note that in the
AlphaFold model, the PKA-C N-terminus is pointing upwards i the membrane. (E) Structural snapshots of the complex between phosphorylated SMO
(blue) and PKA-C (olive) (one snapshot every 300 ns, 3 us of simulation time). Each frame is aligned on the PKA-C subunit. Top: overall view of the
complex, Bottom: zoomed-in view of the interface between PKA-C and SMO, highlighting the stability of the PKI-like helix, inhibitor sequence, and
RIl-like helix.
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Figure S2: Evolutionary conservation of sequence and structural elements in SMO / PKA-C complexes. (A) Multiple sequence alignment of
helix 8 and pCT domains from SMO orthologs. Conserved K/R residues (blue circles), GRK2/3 phosphorylation sites (orange), and other essential
residues for SMO / PKA-C signaling (green, see main text for detailed explanation) are indicated above the alignment, while secondary structural
elements defined here or in prior studies are indicated below. (B) AlphaFold3 models of SMO / PKA-C complexes from the indicated species, aligned
on PKA-C from each complex. (C) Disulfide trapping of PKA-Ca with soluble SMO pCT L637C (i.e., lacking the CRD and 7TM domains), performed
as in Fig. 1C. The SMO pCT has no endogenous cysteines, so trapping must be with L637C (the engineered Cys at P+2). (D) Comparable disulfide
trapping occurs with a PKA-C C343S mutant. Because PKA-Ca has only two endogenous cysteines (C199 and C343), this result indicates that
disulfide trapping involves PKA-C C199.
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Figure S3: The SMO RIl-like helix forms a stable interaction with the PKA-C hinge region and the SMO PKIl-like helix. (A) Conformational
snapshots of SMO F577 (light blue, one snapshot every 150 ns, 3ms of simulation time) within the SMO C-tail (dark blue), when aligning the simulation
frames with PKA-C (brown). (B) Structural snapshots (one snapshot every 30 ns, 1.5 us of simulation time) show the positions of the PKI-like helix
(615-630, green) and Rll-like helix (570-581, red) during simulations of wild-type SMO (WT) or the indicated SMO mutants. Overall root-mean square
fluctuations (in A) for the residues indicated in the model at left are shown below each simulation.
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Figure S4: SMO and PKA-C sequence coverage in HDX-MS, and summary statistics of HDX-MS runs. (A) Left: HDX-MS sequence coverage
of the SMO L637C construct presented as a “snake plot”. Residues covered by the MS measurements are colored blue, while residues that were not
detected by MS are colored white. TM helices are numbered in navy. (B) HDX-MS sequence coverage of PKA-C. Colors are as in (A). (C) Summary
of protein coverage, # of peptides, and redundancy for MS runs. (D) list of MS runs presented in this study (see Methods for details on sample
preparation). (E) Back-exchange for SMO 541-546, the most extensively deuterated peptide in our data set, was measured at 19.8% (see Methods).
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Figure S5: HDX-MS studies of phosphorylated SMO / PKA-C complexes vs. unbound proteins. Deuterium exchange difference (average
number of deuterons) mapped for SMO (A) or PKA-C (B) in the phosphorylated SMO (pSMO) / PKA-C complex vs. the unbound protein, at the
indicated timepoints following deuterium exchange. Key peptides are indicated on the plot, Negative differences denote decreased exchange (i.e.,
increased protection) in the complexed vs uncomplexed forms. Domain organization of SMO and PKA-C are indicated below each plot: CRD =
cysteine rich domain, TM = transmembrane helix (numbered 1-7), pCT = membrane proximal C-tail. Standard deviations from replicate measure-
ments are in gray. (C) Mapping of HDX-MS results onto the AlphaFold3 model of the SMO / PKA-C complex. Peptides in SMO showing decreased
or increased exchange (i.e, increased or decreased protection) are shown in blue and purple, respectively, while peptides in PKA-C showing de-
creased or increased exchange are shown in yellow and teal, respectively. (D) Superposition of PKA-C complexes with wild-type SMO (blue) or SMO
L637C (salmon), with key peripheral SMO structural elements indicated. P-site alanine is red. Although the PKI-like helix and Rll-like helix are near-
superimposable in both models, the reentrant loop is in slightly different positions within the SMO 7TM cavity; however, this is within the range of
variability observed for this region even in the wild-type protein (see Fig. 4D and fig. S10C). Representative HDX-MS mass spectral envelope (t =
10 min) (E) or uptake vs. time plots (F) of the indicated peptides within the PKA-C active-site cleft (left) or the SMO pseudosubstrate motif (right).
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Figure S6: Additional biochemical, cell biological, and functional studies of the SMO Rll-like helix. (A) HDX-MS uptake vs. time plots for the
indicated peptides in the SMO RII-like helix (top) and PKA-C hinge region (bottom). (B) SDS-PAGE analysis of diamide-induced disulfide trapping
between a minimal-cysteine PKA-C and SMO A574C, as in Fig 2A. (C) GLI transcriptional reporter assay was performed on the indicated SMO wild-
type or mutant constructs following transfection into Smo” MEFs. The assay was conducted as in Fig. 2C, except using the direct SMO agonist
SAG21k (green) vs a vehicle control (black). (D) Locations of SMO V626 and V630 (red), and the residues with which they interact, at the interface
between the PKI-like helix and the Rll-like helix. (E) SAG21k-induced phosphorylation of the indicated myc-tagged SMO wild-type and mutant con-
structs (or an empty vector control) was assessed following stable transfection into HEK293 cells, isolation of SMO-myc from cell lysates on anti-myc
nanobody resin,and blotting with anti-pSMO antibody (top) and anti-myc antibody (bottom). Treatment of wild-type SMO with the GRK2/3 inhibitor
Compound 101 (Cmpd101) serves as a negative control. Note that although several of these SMO mutants exhibit stronger phosphorylation than the
wild-type protein, none of them exhibit less phosphorylation, making it unlikely that their deficits in GLI transcriptional reporter assays arise from an
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inability to undergo GRK2/3-mediated phosphorylation. (F) Ciliary localization of the indicated FLAG-tagged SMO constructs was assessed following
transfection into NIH3T3 cells, followed by SAG21k treatment (to induce SMO ciliary accumulation) and antibody staining. Left: representative images
of selected SMO wild-type or mutant constructs, with FLAG-SMO (anti-FLAG, green), cilia (acetylated tubulin (AcTub), magenta; Arl13b, yellow) and
nuclei (DAPI, blue). SMO lacking its entire C-terminus (SMOACT), which cannot localize to primary cilia (36), serves as a negative control. Right:
intensity-based quantification of FLAG-SMO localization to primary cilia. Note that although some of the mutants display a modest (<50%) decrease
in ciliary localization compared to wild-type SMO, this is not sufficient to account for the near-complete loss of GLI activation in the transcriptional
reporter assays. Scale bar = 10 microns.
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Figure S7: SPR studies of wild-type and mutant SMO / PKA-C complexes. (A) SPR sensorgram for binding of myristylated PKA-Ca, in concen-
trations ranging from 0.016 pM to 1 uM, to phosphorylated wild-type (WT) SMO or the indicated SMO mutants reconstituted into nanodiscs. (B) Left:
SPR sensorgram for 250 nM PKA-Ca binding to wild-type SMO (green) but displaying no binding to a negative control version of SMO lacking the
entire C-terminus (SMOACT, magenta), consistent with prior findings (2, 3). Right: Quantification of SMO WT or SMOACT SPR binding signal from
n=3 replicates.
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Figure S8: Additional biochemical and functional studies of SMO phosphorylation. (A) Targeted MS-based quantification of phosphorylation
of a phosphopeptide including pSMO 615 (left) and total SMO protein in each sample (middle), using FLAG-SMO protein isolated from HEK293 cells
treated with vehicle, SMO agonist SAG21k, SMO inverse agonist KAADcyc, or GRK2/3 inhibitor Cmpd101. SMO sequence diagram indicating the
location of S615 (yellow) along with the GRK2/3 phosphorylation sites previously mapped via MS (2), is shown at right. “Intensity” is a measurement
of the abundance of phosphorylation sites (left) or total protein (right), derived from model-based estimation in Msstats (27) which combines individual
peptide intensities. Inset depicts SMO pCT sequence with new (yellow) and previously mapped (2) (orange) GRK2/3 phosphorylation sites. (B)
Location of GRK2/3-phosphorylated S/T residues and K/R residues in the alternative conformation of the SMO / PKA-C complex (AlphaFold 2.3.0
Conf2, see fig. S1C. (C) GLI transcriptional reporter assay on Smo”- MEFs transfected with the indicated SMO mutants and treated/analyzed as in

Fig. 3B. SMO sequence from 570-581 is indicated, and residues mutated in this experiment are underlined.
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Figure S9: HDX-MS and disulfide trapping studies to monitor effects of phosphorylation on SMO / PKA-C complexes. (A) Deuterium ex-
change difference (average number of deuterons) mapped for SMO (A) or PKA-C (B) in the phosphorylated vs nonphosphorylated SMO / PKA-C
complex. Data are presented as in fig. S5. (C) HDX-MS uptake vs. time plots for the indicated peptide in SMO helix 8. (D) Disulfide trapping of
SAG21k-bound, phosphorylated vs nonphosphorylated SMO A574C / PKA-C complex, performed as in Fig. 3E. Quantification is below the gel and
represents the mean +/- standard deviation from 3 replicates. (E) HDX-MS uptake vs. time plots for the indicated peptide in the SMO region C-
terminal to the pseudosubstrate motif. GRK2 phosphorylation sites in SMO, and CaMKII phosphorylation sites in RyR, are highlighted in yellow. (F)
HDX-MS uptake vs. time plots for the indicated peptide C-terminal to the pseudosubstrate motif (see E). Bimodal deconvolution of the peptide
revealed high-exchanging (blue) and low-exchanging (green) populations, suggesting that this region may interact with PKA-C via a conformational

selection mechanism. (G) Overlay of top 5 AlphaFold 3 models indicating a propensity of the region C-terminal to the pseudosubstrate motif to wrap
around PKA-C in some cases.
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Figure S10: The SMO / PKA-C complex structurally mimics other GPCR-effector complexes. (A) Comparison of the SMO / PKA-C complex to
SMO or other GPCRs bound to the indicated proteins. In each structure, the GPCR portion is colored cyan, and the structural elements that engage
the intracellular 7TM cavity are colored maroon. PDB numbers: SMO/NbSmo8 (603C), m2AchR/Barr1 (6U1N), Rhodopsin/GRK1 (7MT9), SMO/Gi
(6XBL). (B) Left: AlphaFold model of complex between a C-terminally truncated SMO construct (“7TM”) and the reentrant loop in the pCT, modeled
as separate sequences. Right: AlphaFold model of near-full-length SMO (including the entire pCT) from the SMO / PKA-C complex, for comparison.
The reentrant loop sequence is colored maroon in both models. (C) Left: overlay of the following GPCR / B-arrestin structures, aligned on the $-
arrestin: B1-adrenergic receptor /B-arrestin1 (6TKO), M2AchR / B-arrestin1 (6U1N), neurotensin receptor / B-arrestin1 (6UP7). Right: overlay of top
24 AlphaFold models of SMO / PKA-C complex (light blue), along with conf1 (pink) and conf2 (cyan) as shown in fig. S1C.
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Figure S11: Influence of SMO ICLs and membrane lipids on SMO / PKA-C interactions. (A) Left: representative HDX-MS mass spectral envelope
(at tex = 5 min) for PKA-C 247-261 in the aG-aH loop. Right: aG-aH sequence protected in the SMO / PKA-C complex mapped onto conf2 of the

SMO / PKA-C complex (B) uptake vs. time plots of PKA-C 313-327. (C) Electrostatic surface potential for each conformation (Conf1, conf2) of the
SMO / PKA-C complex. Scale is shown at bottom.
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Figure S12: Allosteric changes in SMO induced by PKA-C binding. HDX-MS analysis of the indicated peptide in the TM5-TM6 region (A) or CRD
(B) in phosphorylated SMO (pSMO) alone (top spectrum in each pair), or in complex with PKA-C (bottom spectrum in each pair). In each panel,
representative HDX-MS mass spectral envelope and uptake vs. time plots are indicated at left, and regions of SMO that have undergone increased
(red) or decreased (blue) deuterium exchange upon SMO / PKA-C interaction are mapped onto the SMO-SAG21k-NbSmo8 structure (PDB: 603C)
(37).
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Supplementary Text:

1.

AlphaFold predictions of IDRs in conditionally
folded states: AlphaFold tends to predict condition-
ally folded IDRs in their conditionally folded states,
even when the post-translational modifications
and/or interacting partners necessary for conditional
folding are not included in the model. This is because
the sequence-structure relationships captured by Al-
phaFold’s multiple sequence alignments reflect con-
tributions from these factors, and therefore inform Al-
phaFold’s final outcome even when they are not ex-
plicitly modeled (29, 30). Thus, although AlphaFold
2.3 does not permit specification of phosphorylation
sites, the SMO / PKA-C models appear to capture
phosphorylated, conditionally folded forms of SMO.
In support of this: (a) modeling SMO / PKA-C inter-
actions with AlphaFold3, which enables phosphory-
lation, produced models that are very similar to those
generated by AlphaFold 2.3.0 (Fig. 1A and fig. S1C);
(b) the models agree closely with our HDX-MS, disul-
fide trapping, SPR, and functional studies of phos-
phorylated SMO / PKA-C complexes (Fig. 2 and 4); (¢)
several PKA-C-binding secondary structural elements
in the SMO pCT (e.g, pseudosubstrate motif, RII-like
helix) are visible even in models of SMO alone. i.e.,
lacking PKA-C (fig. S1B). These observations under-
score AlphaFold’s propensity to predict IDRs in their
conditionally folded states.

Two SMO / PKA-C models produced by Al-
phaFold 2.3.0: AlphaFold 2.3.0 produces two classes
of models for the SMO / PKA-C complex, which we
term conformation 1 (confl) and conformation 2
(conf2) (fig. S1C). Alignment of the two models on
their PKA-C subunit reveals that the SMO pCT / PKA-
C module is rotated with respect to the SMO 7TM do-
main. As a result, the SMO pCT, including the pseu-
dosubstrate motif, RII-like helix, and reentrant loop,
are in near-superimposable configurations in both
models, while the SMO ICLs engage one of two dis-
tinct surfaces of PKA-C in each model. Both models
have high ipTM scores (79-84 for confl, 80-81 for
conf2) and are consistent with our HDX-MS studies.
While we primarily refer to the AlphaFold 3 model
(similar to confl) in our manuscript, conf2 may also
be physiologically relevant. Intriguingly, conforma-
tional heterogeneity is also seen in GPCR-arrestin
complexes, where the arrestin can rotate, presenting
different surfaces to the GPCR 7TM domain (31).

Disulfide trapping of SMO / PKA-C complexes
for HDX-MS, and analysis of SMO pseudosub-
strate motif and PKA-C active site cleft: To ena-
ble our HDX-MS studies, we utilized disulfide trap-
ping to stabilize the SMO / PKA-C complex. This
strategy was advantageous because it (a) prevented

untoward complex dissociation, and (b) allowed us to
trap the nonphosphorylated state of the complex, per-
mitting explicit comparison to the phosphorylated
state, and thereby revealing how phosphorylation af-
fects this complex.

When interpreting our HDX-MS data, however, it is
important to ensure that the results do not simply re-
flect artifactual, nonspecific interactions that may
arise from covalently linking two proteins together
into a complex. This scenario is unlikely because (a)
SMO / PKA-C interaction results in protection of spe-
cific SMO and PKA-C regions known to be essential
for each protein’s functionality (fig. S5, A and B); (b)
protection depends on agonist-induced GRK2 phos-
phorylation, as we observed substantially less protec-
tion of disulfide-trapped SMO / PKA-C complexes
bound to the SMO inverse agonist KAAD-cyclopa-
mine (KAADcyc) and lacking phosphorylation (Fig.
3D and fig. S9, A and B). In contrast, if the HDX-MS
results were nonspecific, protection would be inde-
pendent of SMO phosphorylation and not involve spe-
cific, functionally relevant regions of SMO and PKA-
C.

The SMO pseudosubstrate motif is protected upon
binding PKA-C (fig. S5, E and F) regardless of SMO
phosphorylation, due to the disulfide trap (SMO
L637C to PKA-C C199). However, under physiologi-
cal conditions (in which SMO and PKA-C are not co-
valently linked), this interaction likely occurs in a
SMO activity-dependent manner, i.e. only when SMO
is phosphorylated. Interestingly, the PKA-C active site
cleft and substrate-binding region (C helix, activation
loop, P+1 loop) become more dynamic upon SMO
binding (fig. S5, E and F). This may be due to: (a) the
SMO L637C — PKA-C C199 covalent bond trapping
the kinase in a partially open conformation, as ob-
served in disulfide-trapped PKA holoenzymes (32,
33), and (b) the elevated pH (8.0) used, which favors
disulfide trapping (33) but likely hinders kinase do-
main closure due to the deprotonation of histidine
H87 within the active-site cleft (34). Thus, while SMO
undergoes protection, parts of PKA-C become more
dynamic, consistent with our model.

SPR studies of PKA-C interactions with wild-
type and mutant SMO: The SMO IFR—AAA muta-
tion significantly impairs GLI transcriptional activa-
tion in cultured cells (Fig. 2D) and reduces
SMO/PKA-C binding in the in vitro SPR assay (Fig. 2F
and fig. S7), supporting the idea that this mutation
disrupts the SMO RII-like helix/PKA-C hinge inter-
face. The impact of this mutation is less pronounced
in vitro than in vivo, possibly due to: (1) a higher sen-
sitivity of the in vivo GLI transcriptional assay to
changes in amounts of the SMO / PKA-C complex
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over a relatively narrow range; (2) a greater extent of
GRK2/3 phosphorylation of SMO in our in vitro SPR
assay compared to our cell-based transcriptional ac-
tivity assays (3), which might stabilize the SMO /
PKA-C complex and thereby blunt the deleterious ef-
fects of a mutation. Nevertheless, the weaker interac-
tion of the SMO IFR>AAA mutant with PKA-C is
consistent with our hypothesis that the RII-like helix
participates in SMO / PKA-C interactions. We also
note the higher affinity observed for the SMO / PKA-
C complex in this study (Kp = 82 nM) compared to
our previous measurements on PKA-C interactions
with a soluble, nonphosphorylated SMO pCT frag-
ment (Kp = 752 nM) (4); we attribute this to the use of
phosphorylated, near full-length SMO and a mem-
brane-like environment (nanodiscs) in the present
study, reflecting a more physiological state of the
complex.
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