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Abstract

In prion diseases, the cellular prion protein PrP¢ is converted into aggregates of PrP%, leading to profound
neurotoxicity through largely unknown mechanisms. Here we report that the cellular prion protein PrP¢ acts
as an antagonist of the adhesion G protein-coupled receptor (GPCR) Adgrd1l. When overexpressed in cultured
cells, Adgrd1 recruited the G-protein Gas, inducing excessive cytosolic cAMP, growth arrest and cytotoxicity,
all of which were suppressed by FT2s.50, a 26-meric peptide from the N-terminal flexible tail (FT) of PrP¢. We
found that FT,s.s0 forms a complex with Adgrd1 and suppresses its intrinsic activation by the Stachel peptide.
Adgrd1 ablation attenuated the neurodegeneration of prion-infected cerebellar organotypic slice cultures
and prolonged the healthspan of prion-infected mice. Interaction studies with mutated proteins, computa-
tional modeling and docking studies revealed that suppression of Adgrd1 signaling requires the polybasic
domain of the FT and the N-terminal fragment of Adgrd1. In the absence of PrP¢, the cAMP spike caused by
Adgrd1 was suppressed by co-expression of a functionally dead Adgrd1-Adgrg6 chimeric receptor, suggesting
that Adgrdl activation requires an unidentified agonistic ligand displaced by FT2ss0. These results identify
Adgrd1 as a mediator of prion toxicity and suggest that Adgrdl modulators may be beneficial against prion-

related neurodegeneration.
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Introduction

In prion diseases, the endogenous cellular prion protein (PrP¢), a GPl-anchored extracellular protein, is con-
verted into misfolded, aggregated conformers termed PrP> (Prusiner, 1982). Cell-surface expression of PrP¢
is essential not only for its conversion into infectious prions (Bueler et al, 1993), but also for mediating their
neurotoxicity (Brandner et al, 1996). PrP¢ is enriched in lipid rafts, where it can interact with several mem-
brane proteins. The transition of PrP¢ to PrP> and its associated conformational changes may impair these
interactions and contribute to neurotoxicity in prion diseases.

PrP¢ interacts with multiple families of G protein-coupled receptors (GPCRs) through its flexible N-terminal
tail (FT). The interaction of FT with the adhesion GPCR Adgrg6 promotes myelination in the peripheral nerv-
ous system (Kuffer et al, 2016). Furthermore, PrP¢ interacts with the metabotropic glutamate receptors
mGIuR1 and mGIuR5 (Um et al, 2013). Drugs targeting mGluR1/5 reduce the neurodegeneration observed in
prion-infected cerebellar slice cultures and delay disease onset in prion-infected mice (Goniotaki et al, 2017).
Adgrd1 belongs to group V of the adhesion GPCR family. It is upregulated in glioblastoma, a malignant astro-
cytic tumor of humans (Bayin et al, 2016), and its downregulation reduces the growth of glioblastoma in mice
(Frenster et al, 2020). Many single-nucleotide polymorphisms were reported in the Adgrdl gene, some of
which affect its surface expression and signaling activity (Fischer et al, 2016). Adgrdl contains a pentraxin
(PTX) domain followed by the conserved GPCR autoproteolysis-inducing (GAIN) domain and by the seven-
transmembrane domain (7TM). During its biosynthesis, Adgrd1 is proteolytically cleaved at the GPCR prote-
olysis site (GPS) within the GAIN domain, resulting in an N-terminal fragment (NTF) and a C-terminal fragment
(CTF) [10]. The NTF and the CTF remain non-covalently attached and reside in the plasma membrane. NTF
dissociation may occur through interactions with extracellular stimuli and allows binding of the tethered ag-
onist peptide to the 7TM, leading to the activation of the receptor, recruiting and activation of Gs proteins,
and production of cAMP.

Here we report that binding of the N-terminus of the prion protein to activated Adgrd1 can suppress its
activity and prevent Gs-mediated signaling and intracellular cAMP spikes. Furthermore, genetic ablation of
Adgrd1l protected cerebellar organotypic cultured slices (COCS) from prion induced toxicity and improved

the health span, though not the life span, of mice infected with prions.
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Results

FT suppresses Adgrd1 mediated signaling

A 28-meric peptide corresponding to the N-terminus of the flexible tail of the cellular prion protein PrP¢
(termed FT23.50) can act as an agonist of the adhesion GPCR Adgrg6 (Kuffer et al., 2016). As PrP¢ is known to
interact with several GCPRs (Goniotaki et al., 2017; Khosravani et al, 2008; Peggion et al, 2011; Senatore et
al, 2012), we asked if the activity of further adhesion GPCRs may be modulated by FT. We transiently ex-
pressed full-length Adgra2, Gprl76, Adgrgl, Adgrg3, Adgrg2, Adgrgb and Adgrdl in HEK293T cells, and ex-
posed them to FT23s0. Expression of Adgrdl, but not of any other tested GCPR, led to a 7-fold increase of
intracellular cAMP that was almost completely prevented by administration of FT2;.50 (Fig. 1A). This suggests

that Adgrd1 is either constitutively active in HEK293T cells, or is activated by an unknown ligand, and that
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Figure 1: FT is an antagonist of Adgrdl signaling. A: HEK293T cells were transiently transfected with Gpr124, Gprl176, Gpr56,
Gpr97, Gpr64, Adgrg6, Adgrdl and 24hours later were incubated with either FT23.50 (2M; 20 min) or as control with PBS. FT23.50
treatment resulted in a cAMP spike in Adgrg6 transfected cells and reduced the cAMP levels in Adgrdl transfected cells. FT23.50
treatment did not induce any cAMP changes in other transfected cells. cAMP levels were measured using ELISA. Unpaired t-test.
Each dot represents data obtained from an individual experimental replicate. B: HEK293T cells were transiently transfected with
empty plasmid (pCDNA3) or with human Adgrd1-expressing plasmid. After 48h, cells were treated with PBS, full-length recom-
binant PrP (recPrP), (5 mg/ml) recombinant FT (residues. 23-110; 5 uM) or the recombinant globular domain of PrP (GD; 5 uM).
After 30 min intracellular cAMP was measured using an immunoassay. Adgrdl expression caused a large cAMP spike, which was
quenched by recPrP and FT, but not by GD or PBS. Unpaired t-test. C: HEK293T cells transfected with a plasmid expressing human
Adgrd1 for 48h were exposed to FT derived peptides (2 uM; 30 min). Only FT23.50 abrogated the cAMP response. Unpaired t-test.
D: HEK293T cells expressing Adgrd1 were exposed to FT,3.50 (0-5 uM; 30 min). Intracellular cAMP was measured, and a dose
response curve was generated. Increasing amounts of FT,3.50 dose-dependently suppressed Adgrd1 signaling. Unpaired t-test. E:
HEK293T cells expressing Adgrd1 were exposed to FT23.50, Stachel or a combination of FT23.50 + Stachel at different molar ratios
(2 uM:100 pM (1:1); 2 pM:200 puM (1:2); 2 uM:400 UM (1:4); 2 uM:800 uM (1:8)) for 30 min. Exposure to Stachel alone increased
cAMP levels while FT23.50 treatment abolished the cAMP response. Mix of FT23.50 and Stachel also reduced the cAMP response
despite increasing concentrations of the Stachel peptide. These results suggest that in the presence of FT, the Stachel peptide
cannot exert its agonistic activity. Unpaired t-test. F: HEK293T cells expressing Adgrd1 with a C-terminal Flag epitope exposed to
recombinant FT3.110 (2 uM; 30 min) and subjected to immunoprecipitation using an anti-Flag antibody, followed by western
blotting with POM2 or anti-Flag antibody. Anti-Flag antibody detected full length Adgrdl protein and cleaved CTF of Adgrd1l.
POM2 revealed a band corresponding to FT that co-precipitated with Adgrd1. Asterisk: Immunoglobulin heavy and light chains.
+: oligomers of Adgrd1.
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FT23.50 acts as its antagonist or inverse agonist. As reported previously, FT23..so increased cAMP levels in Ad-
grg6-expressing cells, yet it did not modulate cAMP in cells transfected with any of the other tested GPCRs
(Fig. 1A). To confirm that this modulation is specific to PrP, we treated HEK293T cells transiently transfected
with Adgrd1 (henceforth called HEKA%"1) with bacterially expressed full-length human prion protein (23-231
aa), FT (23-110 aa), or globular domain (GD; 121-231 aa) of PrP. Treatment with recombinant PrP or FT, but
not with GD, prevented the cAMP spike in HEKA%"! cells (Fig. 1B).

KAderdl cells were

Next, we sought to delineate the minimal FT domain responsible for Adgrd1 antagonism. HE
exposed to a series of overlapping peptides covering residues 23-110 of PrP. Only a peptide spanning residues
23-50 suppressed Adgrd1 activation (Fig. 1C). Exposure of HEKA%™! cells for 30 min to increasing concentra-
tion of FT23.50 resulted in progressive cAMP reduction with an ICso of 1.05 uMol (Fig. 1D).

We next asked if the FT,3.50 mediated suppression of Adgrdl can be relieved by the Stachel peptide which
activates Adgrd1 (Liebscher et al, 2015). Treatment of HEKA%"! cells with Stachel (100 uM; 30 min) resulted
in a cAMP surge, which was suppressed when cells were simultaneously treated with FT23.50 and Stachel.
Suppression could not be overridden by increasing the Stachel concentration (Fig. 1E). Hence, binding of
FT2350 prevents, directly or indirectly, Stachel-mediated overactivation of Adgrdl. We therefore asked if
there is a physical interaction between FT23.50 and Adgrd1. Indeed, FT,3.50 co-precipitated with Adgrd1 in HEK-
Adgrdl

cells, but not in untransfected HEK cells (Fig. 1F). This suggests that Adgrdl can form a complex with
FT23-50.

Defining the interaction domains of FT and Adgrd1

We next sought to characterize the interaction domains on the FT and Adgrdl that are involved in cAMP
regulation. We hypothesized that the polycationic domain KKRPK, which is critical in modulating Adgrg6 ac-
tivity, might also be involved in suppressing Adgrd1 activity. A phylogenetic analysis showed that the basic
residues within the KKRPK domain are perfectly conserved among 141 mammalian species (Fig. 2A) suggest-
ing that this motif serves important physiological functions. We therefore treated HEKA%™! cells with a pol-
yalanine mutant of the FT2.50 peptide (KKRPKPG - AAAPAPG) (Fig. 2A). Treatment of HEKA%"! cells with
wild-type FTas.50 (2 UM, 30 min) reduced cAMP levels whereas the mutant peptide had no effect (Fig. 2B).
Sequence alignments had previously shown two regions of similarity between FT and collagen IV (KKRPK and
QGSPG), an agonistic ligand of Agrgb. We investigated if the presence of the QGSPG sequence in FT23.5 is
required for suppressing Adgrd1l-mediated cAMP enhancement. A FTa3s0 peptide containing a mutated
QGSPG sequence suppressed the cAMP spike, similarly to native FT,s.s0- (Fig. 2B). Hence, it is the cationic
domain of FT23.50 Which is essential for its antagonistic activity on Adgrdl. We then generated two smaller
peptides: FT,335 and FT2s.37. Both peptides abrogated the induction of cAMP in HEK”%"! cells, indicating that
the distal three residues (RPK) of the KKRPK domain are crucial region for the suppression of Adgrd1 activity
(Fig. 2C).
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The modulation of Adgrd1 activity may rely on the charge imparted by cationic residues onto FTas..so, rather
than the identity of the residues. To test this hypothesis, we mutated all lysines within the KKRPKPG domain
into arginines, thereby retaining the positive charges. Treatment of HEKA%™! cells with the KKRPKPG
- RRRPRPG peptide reduced cAMP similarly to the wild-type peptide (Fig. 2D), indicating that the positive
charges are essential for Adgrd1 antagonism.

To define the FT-interacting domain on Adgrd1l, we generated mutants of human Adgrd1 lacking either the
GAIN domain, the PTX domain, or the entire N-terminal extracellular domain beyond the Stachel sequence
(Fig. 2E). Full-length and mutant expression plasmids were transfected in HEK293T cells and treated with
FT23-50 (2 UM; 30 min). The GAIN domain mutant lacking the Stachel domain did not modulate cAMP with or
without FTa2s3.s0, indicating that it was non-functional. In contrast, cells expressing the PTX-deleted Adgrdl
mutant showed increased basal cAMP, albeit to a lesser extent than wild-type Adgrdl. This result confirms
that Adgrd1 activation requires the GAIN domain. In cells expressing the PTX-deleted mutant, treatment with
FT23.50 did not block the cAMP increase, suggesting that the presence of PTX domain is essential for FT,3.50
interaction with Adgrdl. Finally, the mutant lacking the N-terminus caused enhanced cAMP levels which

were not suppressed by FT2s.so0 (Fig. 2F).
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Figure 2: Modulation of Adgrd1 signaling by FT. A: Peptides used in panels B-D (upper) and high conservation of the polycationic
domain among 141 mammalian species. B: Adgrd1-expressing HEK293T cells were exposed to FT23.50 peptides (2 uM, 30 min).
Alanine replacement of lysines within the KKRP domain abolished cAMP induction by Adgrd1. Replacement of QGSPG in FT3.50
did not alter cAMP responses. Unpaired t-test. C: HEK293T cells transiently transfected (48 h) with Adgrd1 were exposed to FT-
derived peptides (2 tM; 30 min). FT,3.35and FT3s.37 reduced the cAMP spike induced by Adgrd1. Scrambled FT3.50 (SFT) was used
as a control. Unpaired t-test. D: Adgrdl expressing HEK293T cells were treated with FT23.50 peptides bearing arginine substitu-
tions of all lysines (K) in the KKRPKPG domain (2 uM; 30 min). Arginine-substitutions within the KKRPKG motif did not impair
cAMP suppression, suggesting positive charges are essential for Adgrd1 modulation. Unpaired t-test. E: Adgrgl deletion mutants
utilized in panels F-H. F: HEK293T cells were transfected with plasmids encoding human Adgrdl or mutants lacking the PTX,
GAIN or N-terminal domains. 48 h post transfection, cells were exposed to PBS or FT23.50 (2 uM; 30 min). FT23.50 suppressed cAMP
levels in cells expressing wild-type Adgrdl but in none of the mutants. GAIN domain removal resulted in an inactive receptor,
while truncation of entire N-terminus resulted in a constitutively active receptor inducing extensive cCAMP increase. Untrans-
fected cells were used to determine the basal cAMP levels in HEK293T cells. Unpaired t-test. G: Comparison between non-
transfected (UT) and Adgrd1-expressing HEK293T cells transfected with non-targeting siRNA or siRNA targeting the Gas or Gai
genes. Downregulation of Gas, but not Gai, suppressed the Adgrdl-induced cAMP spike. Unpaired t-test. H: HEK293T cells,
untransfected (UT) or co-transfected with Adgrdl, were subjected to non-targeting siRNA or siRNA against arrestin 1 and 2.
Arrestin downregulation did not alter the cAMP induction by Adgrd1. However, arrestin 1 downregulation prevented the effect
of FT,3.50 on the Adgrdl-induced cAMP response. Downregulation of arrestin 2 did not alter the modulation of Adgrd1 activity
by FT,3.50. Unpaired t-test.
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To further characterize the interaction between FT,.., and the N-terminus of Adgrdl, we predicted the
three-dimensional structure of the complex using AlphaFold Multimer (Richard et al, 2022). The result-
ing models suggested that FT,.,, interacts with both the GAIN and the PTX domains through its cationic
motif KKRPK (Fig. 3A). To assess the plausibility of this interaction, we performed computational docking
calculations using a flexible protein—peptide technique. These results also suggest that binding of FT...,
to both the GAIN and PTX domains though its cationic motif is one of the most feasible solutions. The
analysis of the electrostatic potential of this complex shows that two separate anionic patches in each
of the N-terminal domains of Adgrdl could mediate this interaction mode with FT;.50 (Fig. 3B). These
computational findings are congruent with our experimental data showing that both the PTX and the
GAIN domains are required for the inhibitory action of FT2s.s0.

To investigate the type of G protein involved in this signaling module, we used RNAI to suppress the Ga
proteins Gas or Gai in HEKA%™! cells. Downregulation of Gas, but not of Gai, prevented the cAMP increase,
indicating that activated Adgrd1 signals via the Gas subunit (Fig. 2G). Arrestins are key in shutting down

activated GPCRs. We hypothesized that the interaction with FT,;5.50 might rapidly recruit arrestins, thereby

A B

PTX

/ FTZB-SO
anionic 180° FT

23-50
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Figure 3: Computational prediction of the interaction between FT and Adgrd1 A: Prediction of the three-dimensional structure
of the Adgrl N-terminal domain in complex with FT,3.50. Two different representative predictions from AlphaFold Multimer in-
dicate that the Adgrl N-terminus and FTa3.50 potentially fold by accommodating the cationic motif of FT,3.59, depicted in blue,
between the PTX and the GAIN domains, represented in pink and orange cartoons, respectively. B: Molecular docking of FT23.50
to the N-terminus of Adgrdl. Electrostatic surface potential of FT23.50 bound to the N-terminal domain of Adgrdl. Thhe surface
representation of a representative binding pose, obtained by flexible protein-peptide docking, and colored by its electrostatic
surface potential, shows that two negatively charged regions of the PTX and GAIN domains (circled in yellow) could facilitate the
binding of the positively charged portion of FT,3.50 between both domains.
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reducing the cAMP response. To assess this, we used the PRESTO-Tango luciferase-based assay (Kroeze et al,
2015). HTLA cells stably expressing arrestin tagged with TEV protease, were transfected with Adgrd1l cDNA
bearing a TEV cleavage site and a transcriptional activation domain that drives luciferase expression. Recruit-
ment of arrestins to the receptor results in the cleavage of the transcriptional activator, which in turn trans-
locates to the nucleus and promotes luciferase transcription. Treatment with FTy350 of HTLA”%™! cells re-
sulted in an enhanced luciferase signal, suggesting that arrestins are recruited upon FTj3.50 treatment (Fig.
S1B). To further examine the type of arrestin recruited, RNAi was used to downregulate the expression of
arrestin-1 or 2 in HEKA%"! cells. Suppression of arrestins did not have any effect on the cAMP levels in PBS-
treated cells, while suppression of arrestin-1, but not of arrestin-2, resulted in increased cAMP in cells treated
with FTas.s0 (Fig. 2F). This suggests that FT,3.s0 binding leads to the recruitment of arrestin 1 to arrest Adgrd1-
mediated signaling through the Gas pathway.

Finally, we investigated if collagen and laminin-211, which have been reported to be agonistic ligands of
Adgrg6, can modulate the activity of Adgrd1. HEKA%™! cells were treated with either FT23.50 (2 tM; 30 min) or
Collagen IV (5 pg/ml; 30 min) or laminin-211 (5 pg/ml; 30 min). While FT2350 blocked the cAMP increase in-
duced by Adgrd1, collagen IV and laminin-211 did not show such effects (Fig. S1C).

The structure of Adgrd1 coupled to Gs
Can the interaction of Adgrd1 and Gs protein be reproduced in vitro with purified components? Plasmids

1" were designed for expression in High Five insect cells (Trichop-

containing full-length Adgrd1 and Adgrd
lusia ni) using the flashBAC™ system (Fig. S2A). In parallel, a plasmid for expression of the Gs heterotrimer
was designed where the Gas subunit is fused to the green fluorescent protein (GFP) at the N-terminus. To
increase the yield of the Gas subunit, we used a shortened version of the Gas subunit (mini-Gas) in which
the flexible a-helical domain was removed and the Ras domain was mutated (G49D, ES0ON, A249D, S252D,
I372A, V375I) to increase the stability of the construct (Carpenter & Tate, 2016).

Firstly, we tested if additional Stachel peptide was needed to trigger G protein binding to the full-length
Adgrd1 or the Adgrd1“™. For this purpose, we conducted fluorescence size-exclusion chromatography exper-
iments to analyze Gas binding with and without the chemically synthesized Stachel peptide (derived from
the wild-type Stachel sequence) (Liebscher et al., 2015). For both the full-length Adgrd1 and the Adgrd1°™,
addition of the Stachel peptide was necessary to form a complex that is stable enough to survive the SEC
purification (Fig. S2B).

To obtain the Adgrd1/mini-Gs complex for cryo-electron microscopic (cryo-EM) studies, we used Adgrd1¢™
because of its higher expression levels compared to the full-length Adgrdi. The receptor and the G protein

heterotrimer were co-transfected in High Five insect cells for 48h. The transfected cells were first incubated

with additional Stachel peptide to form the complex followed by cell lysis in the detergent/lipid mixture lauryl
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Figure 4: Purification and cryo-EM 2D class average of the Adgrd1-mini-Gs complex. A: SEC elution profile of the Ad-
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cryo-EM studies. B: Coomassie-blue stained SDS-PAGE of the SEC elution fractions used for cryo-EM studies. The
theoretical molecular weight of GFP tagged mini-Gs, GB, Adgrd1°™ and Gy are 58 kDa, 39 kDa, 37 kDa and 8 kDa,
respectively. C: Representative 2D class averages showing the Adgrd1-Gs complex in different orientations. D: 2D class aver-
age overlaid with the cryo-EM structure of Adgrd1“™/mini-Gs complex (7EPT.pdb) with complex components la-
beled (right). The overlaid model shows the Adgrd1 in salmon red, mini-Gas in green, G in magenta and Gy in cyan.
E. Schematic representation of chimeric receptors used in panels F-G. F: HEK293T cells were transfected with plas-
mids containing cDNA of either Adgrd1 or Chimera 133C. 24h post transfection cells were treated with either FT
(2uM; 20min) or PBS and intracellular cAMP levels were measured. Both Adgrd1 and Chimera 133 were constitu-
tively active suggesting that C-terminus of Adgrd1 is essential for its constitutive activation. Treatment with FT
blocked cAMP responses in both Adgrdl and Chimera 133C expressing cells suggesting that FT binding prevents C-
terminus mediated cAMP accumulation. Unpaired t-test. G: HEK293T cells were transfected with plasmids contain-
ing cDNA of either Adgrd1 or Chimera 133N. 24h post transfection cells were treated with either FT (2uM; 20min)
or PBS and intracellular cAMP levels were measured. Chimera 133N, unliked full length Adgrd1 failed to induce
cAMP accumulation emphasizing the crucial role of C-terminus in the cAMP response. FT treatment blocked the
induction of Adgrd1 but not alter the endogenous cAMP levels in cells expressing Chimera 133N. Unpaired t-test.

maltose neopentyl glycol/cholesteryl hemisuccinate (LMNG/CHS). The Adgrd1¢™/mini-Gs complex was puri-
fied from cell lysate by affinity purification and SEC steps (Fig. 4AB, Fig. S2C), following plunge freezing for
preparation of cryo-EM grids.

The 2D class averages show projections of the complex in different orientations (Fig. 4C). To interpret the
projection density with the protein components, we docked the available structural model of the Ad-
grd1<™F /mini-Gs complex into the representative 2D class average (7EPT.pdb) (Ping et al, 2022) (Fig. 4D). An

elongated density, corresponding to the C-terminal a5 helix, extends from mini-Gas and intrudes into the
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Adgrd1¢™ cytoplasmic side. This indicates that the Adgrd1<™is in an active conformation in which the cyto-
plasmic G protein binding site is formed. The aN helix of mini-Gas lies along the micelle surface next to the
Gy subunits. Overall, our 2D class averages agree with the known architecture of active GPCR-G protein

signaling complexes.

Domain swapping between Adgrg6 and Adgrd1 suggests the existence of an agonistic Adgrd1 ligand

We next investigated the role of the transmembrane and cytoplasmic domains of Adgrd1 in signaling. We
generated chimeric receptors in which Adgrd1"™ was mounted onto Adgrg6™ (Chimera 133N: Adgrd1N™-
Adgrg6°™), which is activated agonistically by the FT, and a second chimeric receptor by combining the Ad-
grg6N™ with theAdgrd1“™ (Chimera 133C: Adgrg6N""-Adgrd1°™) (Fig. 4E). When expressed in HEK cells, Chi-
mera 133C behaved like Adgrd1 and induced a cAMP response, suggesting that the C-terminal fragment of
the protein is critical for constitutive activation and downstream signaling events. Upon FT treatment, the
cAMP response was reduced, suggesting that FT prevents the function of C-terminus presumably by prevent-
ing conformational changes in the receptor (Fig. 4F). Chimera 133N, however, did not result in increased
cAMP, suggesting that the presumed endogenous ligand of Adgrd1 does not bind to the N-terminus but acts
directly on the C- terminus of the protein and is not reactive to the addition of FT (Fig. 4G).

HEK cells were co-transfected with Adgrdl and increasing amounts of Chimera 133N cDNA. Intracellular
cAMP levels revealed that increasing amounts of Chimeral33N results in suppressing the cAMP response,
suggesting that it acted as a non-functional receptor (Fig.51C). This suggests that Chimera 133N can actively

compete for a hypothetical endogenous Adgrdil ligand distinct from FT.

Constitutive expression of Adgrd1 is cytotoxic

We expressed Adgrdl in the human LN229 glioma cell line under doxycycline-dependent (tetOn) transcrip-
tional control (Baron & Bujard, 2000). Induction of Adgrd1 resulted in increased c AMP levels (Fig. S1D) and
slower growth of cells followed by cell death after 6 days (Fig. 5A, Movie S1A-B). To test if cell death is a
direct consequence of Adgrd1 activity, we subjected HEK %! cells to siRNA against the Gas subunit. Down-
regulation of Gas in HEKA%™! cells 5 days post transfection resulted in attenuation of growth impairment
(p<0.001) (Fig. 5B). We next investigated if the Adgrd1-induced cytotoxicity can be rescued by treating the
cells with FT23.s0. LN229 cells expressing Adgrd1 and treated with doxycycline and FT23..s0 (5 uM; added every
12 hours) for 6 days exhibited significant improvement in cell viability (p=0.003) compared to cells treated
with doxycycline and PBS or untreated cells (Fig. 5C).

Western blot analysis of lysates from organs of 4-month-old mice revealed the presence of Adgrdl in the
cortex and cerebellum of brains (Fig. S1E). This is congruent with single-cell RNA sequencing (Yao et al, 2021)

showing expression of Adgrd1 in neuronal subsets of mouse brains (Fig. S1F).
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Figure 5: Excessive Adgrd1 signaling is cytotoxic A: LN229Aderd! cells were treated with doxycycline (2 pug/ml) to induce Adgrdl
expression. 6 days post transfection, cell viability was measured with CellTiterGlo. For control, LN229Aderd1 ce|ls were not treated
with doxycycline. Each dot represents the cell viability in an individual well of a 96 well plate. Unpaired t-test. B: HEK293T cells
were transiently transfected with a control plasmid (pCDNA3; HEK") or with a plasmid encoding human Adgrd1l (HEKAderd1),
Cells were then transfected with control siRNA or siRNA against Gas protein subunits. 5 days post transfection, cell viability was
measured using cell counter. Downregulation of Gas in HEKAderd! cells prevented the toxicity induced by Adgrdl. siRNA against
Gas did not induce cellular toxicity in HEKC cells. Unpaired t-test. C: LN229Aderdl cells were treated with doxycycline (2 ug/ml)
to induce Adgrdl expression, and simultaneously incubated with FT23.50 or with PBS. Fresh medium containing doxycycline and
FT23-50 was added every 12 hours for 6 days. On day 6, cell viability was measured by incubating the live cells with CellTiterGlo.
LN229Aderd! cells that were not stimulated with doxycycline were used as control. Each dot represents viability levels in an indi-
vidual well of a 96 well plate. Statistics: Unpaired t-test.

Prion diseases are accelerated by PrP¢ overexpression (Fischer et al, 1996) and prevented by its ablation
(Bueler et al., 1993), suggesting a toxic gain-of-function. We hypothesized that signaling of Adgrd1 under
physiological conditions is regulated by PrP¢, while in prion diseases the sequestration of PrP® might upregu-
late Adgrd1 signaling and contribute to toxicity. To test this hypothesis, we monitored the expression of Ad-
grdl in brain lysates of prion-infected mice. At the terminal stage both the RNA (Fig. S3A) and protein levels
of Adgrd1 were decreased (Fig. S3B) in whole-brain lysates.

PrP¢ is physiologically cleaved by proteases and its soluble N-terminus is involved in Adgrgé activation
(Altmeppen et al, 2015; Altmeppen et al, 2013; Oliveira-Martins et al, 2010). In prion infections, soluble PrP¢
may be converted into PrP> and be unavailable for other functions. Hence, Adgrd1 signaling may be aberrant
in prion infections. We tested this hypothesis by culturing HEKA%"™! cells in medium obtained conditioned by
cerebellar organotypic cultured slices (COCS) of wild-type mice (C57BL6/J) treated with non-infectious brain
homogenate (NBH) or infected with scrapie prions (Rocky Mountain Laboratory strain, passage 6; RML6) for
56 days. Conditioned medium from NBH-treated COCS may undergo physiological shedding and interact with
Adgrd1. Indeed, HEKA%™! cells incubated with conditioned medium from NBH treated COCS showed a de-
creased cAMP signal. However, conditioned medium from prion-infected COCS enhanced the cAMP signal
(Fig. 6A). This suggests that shed PrP¢ is sequestered in prion-infected COCS, thereby preventing its physio-
logical actions. No increase in cAMP was observed in HEK293T cells treated with conditioned medium from

prion-infected COCS, suggesting that the cAMP increase requires the presence of Adgrdi.
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Ablation of Adgrd1 prevents neurodegeneration in ex-vivo slice cultures

We generated Adgrd1-deficient mice by injecting short-guide RNAs (sgRNA) targeting exon 4 of the Adgrdl
gene, along with mRNA encoding Cas9, into single-cell embryos. Genomic DNA was extracted from ear biop-
sies of Fo offspring mice, and DNA sequencing of the Adgrd1 (Fig. 6B). The chosen line carries a deletion of
82 bp in exon 4 (composed of 96 bp) on both alleles, resulting in a frameshift mutation at residue 63 of Ad-
grdl gene and in a premature termination codon after residue 74 (Fig. S3C). The ablation of Adgrd1 was
confirmed by western blotting using anti-Adgrd1 antibodies (Fig. S3D). The founder mouse was bred to wild-

type mice, and heterozygous mice were interbred to generate homozygous Adgrd1” mice.
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Figure 6: Adgrd1 ablation prevents prion-induced neurodegeneration. A: HEK293T cells were transiently transfected with con-
trol plasmid (pCDNA3) or with plasmid encoding Adgrd1 cDNA. 24 hours post transfection, cells were treated with conditioned
medium from naive or prion-infected COCS (56 dpi) for 24 hours. Conditioned medium from prion-infected COCS increased
cAMP in Adgrdl-expressing cells but not in control cells. NBH CM: conditioned medium from NBH treated COCS. Prion CM:
conditioned medium from prion-infected COCS. Unpaired-t test. B: Adgrd17- mice generation. Short-guide RNA (sgRNA) target-
ing exon 4 of Adgrd1 and mRNA encoding Cas9 were injected into single-cell embryos. Offspring were subjected to ear biopsies,
and genomic DNA was sequenced to identify lines with ablated Adgrdl. For further studies, we chose a founder with a homozy-
gous 77bp deletion in exon 4 causing frameshifting and premature termination of Adgrd1. Genotyping of heterozygous crossings
using primers in the intronic regions flanking exon 4 revealed a 295-bp band in wild-type mice and a 170-bp band in ablated
mice. C: Wild-type and Adgrd1/- COCS were infected with prions (56 dpi) or exposed to NBH. Immunostaining was performed
with anti-NeuN antibody (green) detecting neurons. After prion infection, morphometry revealed cerebellar granule cell loss in
wild-type COCS but absence of neurodegeneration in Adgrd1”- COCS. Each dot represents an individual slice. Nuclei were stained
with DAPI. One-way Anova. D: Quantification of NeuN pixels (from C) was performed to assess neurodegeneration. Each dot
represents a cerebellar slice. One-way Anova. E: COCS from 9-day-old mice pups were generated from the brains of C57BL6/)
mice or Adgrdl ablated mice. COCS were exposed to neurotoxic anti-PrP antibody POM1 or, for control, with recPrP-saturated
POM1, cultured for 10 days, and stained with NeuN (green). POML1 triggered extensive neurodegeneration in Adgrd1" but not
in Adgrd1+/- COCS.
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We generated cerebellar organotypic cultured slices (COCS) from 9-day old wild-type (C57BL6/J) and Ad-
grd1”- mice. COCS were exposed to brain lysate (100 pg / insert) obtained from NBH or RML6 infected mice.
At 56 dpi, COCS were immunostained with antibodies to NeuN, which identifies cerebellar granule cells, and
assessed morphometrically to measure the neuronal loss. Wild-type COCS show decreased neuronal counts
after prion infection, whereas Adgrd1”- COCS did not show any signs of neurodegeneration (Fig. 6C-D). We
next challenged Adgrd1” COCS with an anti-PrP antibody targeting globular domain (POM1) of prion protein
and known to act as prion mimetic. Treatment with POM1 revealed neurodegeneration in wild-type COCS,

but not in Adgrd1”-COCS at 2 weeks post treatment (Fig. 6E).

Ablation of Adgrd1 delays onset of clinical symptoms observed in prion disease

We next investigated if Adgrdl ablation prolongs the life span of prion-infected mice. Five wild-type
(C57BL6/J) and six Adgrd1”- mice were intracerebrally injected with prions, and progression of the disease
was monitored. Wild-type mice infected with prions show motor coordination defects beginning at approx.

week 19, as measured by rotarod performance tests (Sorce et al, 2020). We therefore tested prion-infected,
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Figure 7: Ablation of Adgrd1 fails to prevent prion disease in mice. A: Motor coordination of prion-inoculated Adgrd1*+ and
Adgrd1/- mice was measured by rotarod. Adgrd1/- mice showed better motor skills than Adgrd1*/* mice at weeks 19-21 post
inoculation. After week 22, all mice performed poorly in the rotarod test. Dots: Latency to fall. Each dot represents an individual
mouse. One-way Anova followed by Tukey’s multiple comparison test. B: Survival curves of Adgrd1*/+ (n=5) and Adgrd1/- mice
ablated mice (n=6) inoculated with RML6 prions intracerebrally. All mice developed clinical signs of prion disease. C57BI6/) mice
showed a median survival time of 170 days while Adgrd1 ablated mice showed a median survival time of 173 days. C: Whole
brain sections from prion infected C57BL6/J and Adgrd1 ablated mice were immunostained with anti-PrP antibody SAF84. Prpsc
deposits were seen in all mice. D: Hippocampal and cerebellar histology of prion-infected Adgrd1*/* and Adgrd1-/- mice. Sections
were stained with hematoxylin and eosin (H&E) and SAF84 (anti-PrP) antibody. Both mouse strains showed conspicuous Prpsc
deposition.
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wild-type mice, and Adgrd1” mice for their motor coordination skills from week 19-22. Adgrd1”" mice per-
formed significantly better in motor coordination compared to wild-type mice during weeks 19-20, but at
week 21 and thereafter all mice performed similarly poorly (Fig. 7A). These results suggest a delay in the
onset of the symptoms in Adgrd1”" mice. All mice eventually developed clinical signs of scrapie; wild-type
mice had a median survival of 170 days compared to 173 days (p=0.0222) for Adgrd1” mice (Fig. 7B). Histo-
logical analysis revealed spongiform encephalopathy with PrP¢ deposits in brains of both wild-type and Ad-
grd1” mice (Fig. 7C, S4A). Astrogliosis and microglial proliferation were prominent and did not vary between
the two lines, suggesting that ablation of Adgrdl1 does not affect the neuroinflammatory reactions to prion

infection (Fig. S4A).
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Discussion

These investigations were triggered by our previous finding that the N-terminal flexible tail of PrP(FT) trans-
duces the toxicity caused by certain anti-PrP¢ antibodies. The FT participates in several biological functions
attributed to PrP¢, including the maintenance of peripheral nerve myelin (Bremer et al, 2010). The action of
PrP€ in this context is non-cell-autonomous: the "flexible tail" (FT) of neuronal PrP¢ is cleaved by regulated
proteolysis, and the FT then activates Adgrg6 (Gprl126) on Schwann cells (Kuffer et al., 2016). Conversely, the
cell-autonomous activation of the FT in neurons is toxic (Wu et al, 2017). Because prion proteins can interact
with several other receptors including the metabotropic glutamate receptors, we tested the ability of FT to
bind to several other adhesion GPCRs that bear domain resemblance to Adgrg6. We discovered that the FT
of the cellular prion protein regulates the activity of Adgrd1 (Gpr133), but not of any of the remaining adhe-
sion GPCR tested. Since single-cell RNA sequencing databases indicate that Adgrd1 is exclusively expressed
by a subset of neurons in the adult mouse brain, this finding raised the question whether its interaction with
PrP¢ might bear relevance to the pathogenesis of prion diseases.

Adgrd1 structurally resembles Adgrg6, having an extended extracellular domain containing the PTX and GAIN
domains. Both receptors can be activated by a similar mechanism involving the displacement of an N-termi-
nal fragment, which in turn unmasks a tethered agonist called the “Stachel” peptide (Liebscher et al., 2015).
The Stachel can fold back onto the receptor and activate it (Qu et al, 2022). Although the FT of PrP¢ acts as
an agonist of Adgrg6, our investigations revealed that FT suppresses the activity of Adgrd1.

Two scenarios can explain this finding. In a first scenario, Adgrd1 is constitutively active and is rendered in-
active by its interaction with FT. In this case, FT would act as an inverse agonist. Alternatively Adgrd1 is acti-
vated by a hitherto unidentified endogenous ligand, and the displacement of this hypothetical ligand by FT
guenches its activity. In this scenario FT acts as a true antagonist devoid of intrinsic activity. We have at-
tempted to discriminate between these two possibilities using chimeric receptors in which we mounted the
N-terminal fragment of Adrgrd6 onto the 7-transmembrane domain of Adgrgl, and vice versa. We originally
envisaged that these chimeras might deliver insights into the receptor domains specifying positive vs. nega-
tive modulation by FT. Indeed, the chimeric receptor 133C revealed that the 7-transmembrane domain of
Adgrd1 is a direct modulator of downstream signaling. Binding of FT may prevent a conformational change
within the receptor necessary for activation. Instead, the chimeric receptor 133N was found to be function-
ally dead, as it did not affect cAMP levels in the presence or absence of FT. However, when co-expressed
with wild-type Adgrd1, 133N prevented dose-dependently the cAMP spike in the absence of FT. This surpris-
ing finding suggests that 133N competes with Adgrdl for a hitherto uncharacterized endogenous ligand via
its extracellular domain. If so, FT might act as a true antagonist rather than an inverse agonist, and reduce
Adgrd1 activity by displacing its physiological agonist.

Coupling of Adgrd1 to the Gs heterotrimer was further confirmed by in vitro experiments with purified com-

ponents. Formation of the complex was only detected when Stachel was added. This suggests that Adgrdl
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without additional Stachel peptide is activated, as confirmed by the cellular signaling data, but this Adgrdl
might only form the complex transiently. By adding Stachel, Adgrd1 may not only enhance its signaling activ-
ity but may also form a more stable complex amenable to purification. Our cryo-EM analysis shows that
Adgrd1 with the additional Stachel peptide binds the mini-Gs protein heterotrimer to form an active signaling
complex. Activation of the Gs pathway subsequently leads to a cAMP increase in cells as shown in our over-
expression experiments. Constitutively high cAMP in the cells can induce cytotoxicity (Walia et al, 2018). Our
data here suggests that FT regulates Adgrd1l cAMP-mediated signaling by functioning as an antagonist.

At the molecular level, FT binds to Adgrd1 via its charged cationic domain presumably to both the GAIN and
PTX domains, resulting in suppression of receptor activity and thereby of cAMP induction. Interestingly, it is
the positive charge imparted by the cationic domain of FT rather than its sequence that is required for the
modulation of receptor activity. Such electrostatic mode of interactions between the ligands and receptors
has also previously been observed in the case of other GPCRs such as the relaxin family receptors and C-C
chemokine receptor type 5 (CCR5) (Wang et al, 2019; Zhang et al, 2021).

The KKRPKPG polycationic cluster within the N-proximal region of FT is highly conserved across species, sug-
gesting that it has an important function. Moreover, mice lacking the polycationic cluster showed a delayed
onset of prion disease (Turnbaugh et al, 2012), suggesting that it plays a role in prion pathogenesis. The
absence of serious central nervous system disease in mice devoid of PrP does not exclude the possibility that
loss of PrP¢ function contributes to prion pathogenesis. The results presented above indicate that one such
function may be the suppression of excessive Adgrd1 signaling ultimately resulting in cytotoxicity.

We investigated the latter question by infecting Adgrd1-deficient COCS with prions. These slices were re-
sistant to neuronal loss induced by prions, indicating that Adgrdl does indeed contribute to neurotoxicity.
Adgrd1 ablation significantly improved the locomotory functions of prion-infected mice until the late stage
of the disease, even if it only marginally extended their survival. These findings indicate that removal of Ad-
grd1l extends the healthspan but not the lifespan of mice, in accordance with the hypothesis that it acts
downstream of prion replication as a mediator of prion toxicity. Consequently, prion replication proceeds
unabated in Adgrdl-ablated mice, eventually leading to terminal disease and death similarly to what was
observed in mice lacking the type-1 metabotropic glutamate receptors mGIluR1 and mGIuR5 (Goniotaki et
al., 2017). Indeed the deposition of PrP> in brains of prion-infected mice was indistinguishable between wild-
type and Adgrd1-deficient mice. Although combined healthspan and lifespan extension is the ultimate goal
for humans suffering from prion disease, improvements in the quality of life during disease progression

would also be highly desirable.
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Figure S1

A: HTLA cells stably expressing the components of Presto-Tango Assay were transfected with Adgrd1
followed by treatment with FT (5uM; 6 hours). FT treated cells showed an increased luciferase
accumulation suggesting the recruitment of arrestins upon FT treatment. As control Adgrd1
transfected cells were treated with PBS. To assess the background, luciferase accumulation in HEK
cells was measured upon FT treatment.

B: HEK293T cells transiently transfected for 48h with Adgrd1 were exposed to either FT2350(2 uM;
30 min), Collagen IV (5g/ml; 20 min), or Laminin A2 (5ug/ml; 20 min). FTs.50 treated cells exhibited
decreased cAMP levels. No change was observed in Collagen IV and Laminin A2 treated cells.

C: HEK293T cells were co-transfected with plasmids containing cDNA of either Adgrd1 and increasing
concentrations of Chimera 133N. To equalize the total amount of transfected DNA to 3ug, pCDNA3
empty plasmid was also co-transfected in these cells. 48h post transfection cells were collected and
intracellular cAMP levels were measured. Increasing concentrations of Chimera 133N, resulted in
decreased cAMP accumulation and thereby acting as a dead receptor presumably by competing with
Adgrdl for endogenous ligand. Statistics: Unpaired t-test.

D: LN229 cells stably expressing Adgrd1 under doxycycline dependent (Tet-On) transcription control
were either treated with doxycycline (2pg/ml) or not. Cells were collected at 24h, 48h and 72h post
treatment and cAMP levels were measured using ELISA. As control, cAMP from cells plated for 72h
but not exposed to doxycycline was used. Induction of Adgrd1 resulted in a progressive increase in
cAMP levels.
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E. Western blot analysis was performed on tissue lysates (50ug) using anti Adgrd1 antibody. Adgrd1
is expressed in cortex and cerebellum of the brain.

F: Heat map depicting the expression of Adgrd1l in different cell types of a mouse brain. Adgrd1 is
expressed in subset of neuronal populations. Map was generated from single cell RNA sequencing
data from the Allen brain atlas.
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A. Design of the expression constructs used. Two constructs of Adgrd1 containing FL or CTF
were designed (Top two panels). The expression vector for G protein heterotrimer contains

mini-Gas, Gb and Gy (Bottom panel).

B. Analytical fluorescence size-exclusion chromatography was used to detect the GFP
fluorescence from mini-Gas using excitation wavelength at 488 nm and emission wavelength at
512 nm. The following samples were measured: FL Adgrd1 mixed with mini-Gs with (red line)
and without (red dash line) additional chemically synthesized stachel peptide. Adgrd1-CTF
mixed with mini-Gs with (blue) and without (blue dash line) additional chemically synthesized
stachel peptide. Black dash line represents the mini-Gs alone.

C. Workflow for preparing the complex of Adgrd1-CTF/mini-Gs heterotrimer. Figure made with

Biorender.com
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A : Expression levels of Adgrdl mRNA during the course of prion disease. At terminal stage the
expression level is decreased. Data was extracted from a longitudinal database of transcriptional
changes during the course of prion disease in intracerebrally infected mice [1].

B: Western blot analysis on the total brain lysates (50ug) obtained from mice inoculated with prions
or as controls with noninfectious brain homogenates, was performed using anti-Adgrd1 antibody.
Actin was used as a loading control.

C: DNA sequence alighment between the wild type and Adgrd1 ablated mice reveals a 84bp deletion
in Exon 4. The dotted line represents the deleted region and this resulted in a frame shift and
premature stop codon. A short peptide of 73 amino acids is expected to be still generated.

D: Western blot analysis of the total brain lysates (50ug) from wild type and Adgrd1 ablated mice
using anti Adgrd1 antibody. As expected mice ablated for Adgrd1 do not show expression of the
protein as well as the presence of any shorter / truncated protein. Actin was used as a loading
control.
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Figure S4

Histological analysis of prion-infected wild-type and Adgrd1 ablated mice. Both mice express
classical signs of prion disease with extensive vacuolation, as observed with Haematoxylin and Eosin
(H&E) staining. Both microglial proliferation (lbal staining) and Astrocytosis (GFAP staining) was also

observed.
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Figure S5

Figure S5

Raw, uncropped and unadjusted Western blots underlying the data shown in the manuscript.
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Movies (GIF format)

Doxicyclin

Control

Movie S1: LN229 cells stably expressing Adgrd1 (LN229%™!) under the tetracycline responsive
element were treated with doxycycline (2 ug/ml) to induce Adgrd1 expression. Cells were imaged
every 4 hours for 9 days using Incucyte and a time course movie was generated using Image J. As
control, LN229%%! ce|ls, not treated with doxycycline were simultaneously imaged. Induction of
Adgrdl1 with doxycycline for 6 days results in extensive cell death suggesting that constitutive
expression of Adgrd1 induced cellular toxicity.
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Materials and Methods

Mice

Mice were bred in high hygienic grade facilities and housed in groups of 3-5, under a 12 h light/12 h
dark cycle (from 7 am to 7 pm) at 21+1°C, with sterilized food (Kliba No. 3431, Provimi Kliba,
Kaiseraugst, Switzerland) and water ad libitum. Animal care and experimental protocols were in
accordance with the Swiss Animal Protection Law, and approved by the Veterinary office of the
Canton of Zurich (permits ZH243/18 , ZH036/19). Mice of both genders were used in the current
study.

The following mice were used in the current study: C57BL/6, tga20 (B6;129-Tg(Prnp)a20Cwe
Prnp<tm1Cwe>) and Adgrd1 knock out (C57BL/6J-Adgrd1<em1Aag>. Prions inoculations were
performed by intracerebrally injecting RML6 prion strain described previously [2], with a dose
corresponding to 3x10° LDso on 8 week old mice. Mice were sacrificed when full full blown clinical
profile of scrapie was observed, As control non-infectious brain homogenate (NBH) was
intracerebrally injected into the mice and they were sacrificed approximately at the same time as
when the prion infected mice reach the terminal stage (at the latest time point compatible with
humane euthanasia) of the disease.

Cell lines

Sf9 (Spodoptera frugiperda) and High Five (Trichoplusia ni) insect cells were obtained from Thermo
Fisher Scientific. Both cell lines were cultured in Sf-900™ Il serum-free medium (Thermo Fisher
Scientific) at 27°C and 120 r.p.m. HEK293T, LN229 cells were cultured in DMEM supplemented with
10% fetal bovine serum (FBS), penicillin-streptomycin and Glutamax (all from Thermofisher). All cell
lines were controlled for the presence of Mycoplasma contamination.

Peptide
The stachel-sequence derived peptide (TNFAILMQVVPLE) was synthesized at Peptide 2.0 (Chantilly,
VA, USA).

Constructs

The cDNA encoding the human Adgrdl (isoform 1, Uniprot ID: Q6QNK2-1) and the Adgrd1-CTF
(residues T545-V874) were synthesized and cloned into pAC8REDNK vector (gift from Arnaud
Poterszman [3]) at Genewiz (from Azenta Life Sciences). The Adgrd1-FL construct starts with an N-
terminal haemagglutinin (HA) signal peptide (MKTIALSYIFCLVFA) followed by a FLAG-tag
(DYKDDDDA), a tobacco etch virus (TEV) protease cleavage site (ENLYFQG) and Adgrdl (V26-V874).
The Adgrd1-CTF contains residues T545-V874 with an N-terminal HA signal peptide and a C-terminal
FLAG-tag (DYDKDDDDK). An engineered shortened human Gas subunit (mini-Gas 399)[4], which lacks
the a-helical domain, was further modified with an N-terminal Strep-tag (WSHPQFEK) followed by a
GFP and a HRV 3C cleavage sequence (LEVLFQG). The human Gf; was modified with an N-terminal
10xHis tag followed by a HRV 3C cleavage sequence. The human Gy, was not further modified. All
three G protein subunits were cloned into the pAC8REDNK vector for insect cell expression. Human
Adgrdl cDNA was obtained from Origene (Cat: PS100001). Generation of Adgrdl N-terminal
mutations was carried out using Q5 site directed mutagenesis kit (NE Biolabs) using manufacturers
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protocol. Transfections were carried out in 6 well plates using Lipofectamine 3000 according to the
manufacturer’s instructions. 3ug of DNA was used for transfection per well.

Virus production and expression

High-titer recombinant baculovirus stocks were generated using the flashBAC™ expression system in
Sf9 cells. 1.5 ug plasmid DNA was mixed with 500 ng linearized BAC10:K01629 DNA (Oxford
Expression Technologies Ltd.) and 8 ul Cellfectin™ Il reagent (Thermo Fisher Scientific) in 200 ul Sf-
900™ Il serum-free medium with incubation for 20 min. The transfection mix was added to 1 x 10°
Sf9 cells in an adherent culture plate and incubated for 120 h. The Po-generation virus was harvested
from the supernatant and used to infect a 10-ml suspension cell culture at 1 x 108 cells/ml density.
Supernatant with P1-generation virus was harvested by centrifugation after 72 h incubation while
shaking at 27°C. The procedure was repeated with a 100-ml cell suspension volume to generate the
final P,-generation virus for protein expression. High Five cells were cultured to a density of 3 x 10°
cells/ml and infected with viruses for Adgrd1 and mini-Gs heterotrimer at 1:1 (v/v) ratio. Cells were
harvested after 48 h and cell pellets were stored at -80°C.

Complex purification

20 g of cell pellet was resuspended in 100 ml of 20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl,
and 1 mM DTT supplemented with DNase | (10 pg/ml) and complete protease inhibitor cocktail
tablets (Roche). Complex formation was initiated by adding synthesized Stachel peptide (100 uM)
and kept constant during the purification procedure. Incubation for 2 h at room temperature with
the addition of apyrase (25 mU/ml) allowed complex formation on cell membrane. Solubilization
was done by supplementing 1% (w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace) and 0.1%
(w/v) cholesteryl hemisuccinate (CHS, Anatrace) and incubation for 2 h at 4°C. Insoluble material was
removed by centrifugation at 136’000xg for 45 min. The clarified supernatant was incubated
overnight with 2 ml anti-DYKDDDDK G1 Affinity Resin (Genscript) at 4°C by batch binding. The resin
was collected in a gravity flow column and washed with 30 column volumes of wash buffer (20 mM
HEPES pH 7.5, 100 mM NacCl, 2 mM MgCl,, 10% glycerol, 1mM DTT, 0.01% LMNG, 0.002% CHS and
0.002% glycol-diosgenin (GDN, Anatrace)). Complex was eluted using wash buffer supplemented
with 0.2 mg/ml Flag peptide (Genscript). Eluent was concentrated and injected to a Superdex 200
increase 10/300 GL column (GE Healthcare) pre-equilibrated with 20 mM HEPES pH 7.5, 100 mM
NacCl, 2mM MgCl,, 0.001% LMNG, 0.0002% CHS and 0.0002% GDN. The fractions containing
receptor-G protein complex were combined and used for cryo-EM grid preparation.

Cryo-EM grid preparation and data acquisition

A volume of 3 pl purified complex at a concentration of 1.5 mg/ml was applied to glow-discharged
holey carbon grids (Quantifoil R1.2/1.3 Cu 200 mesh). The grids were blotted with a Vitrobot Mark IV
(Thermo Fisher Scientific) and flash frozen in liquid ethane. The sample was blotted for 2s at 4°C and
100% humidity. Data was acquired on a 300kV Titan Krios (Thermo Fisher Scientific) at a
maghnification of 165’000x, corresponding to a pixel size of 0.51 A. A GIF Quantum LS energy filter
(Gatan) was operated with an energy slit width of 20 eV. Movies were recorded with a K3 direct
electron detector (Gatan) with defocus values from -0.8 um to -2 um. A total number of 40 frames
per movie were recorded with an accumulated dose of 55 e/ A% EPU (FEI, Thermo Fisher Scientific)
was used for automated data acquisition.
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Cryo-EM data processing

Cryo-EM data was processed using cryoSPARC v3.3.2 [5]. Raw movies were subjected to beam-
induced motion correction using cryoSPARC’s patch motion correction. For each micrograph,
contrast transfer function (CTF) parameters were determined by patch CTF estimation. Initial
particles were picked on a subset of all micrographs using Topaz particle picking software [6] with
the general model ResNet8 and the particles were subjected to reference-free 2D classification with
the default parameters. 2D class averages showing the Adgrd1-mini-Gs complex with the
corresponding particles were selected and Topaz was used to train a model for automated particle
picking. Automated picking on the full dataset yielded 915’922 particles. Particles were again
subjected to reference-free 2D classification. A total of 95’413 particles grouped into 2D averages
showing the Adgrd1-Gs heterotrimer complex.

Arrestin Signaling Assay

The generation of plasmids for this assay was previously described and obtained from Addgene [7].
HTLA cells (a HEK293 cell line stably expressing a tTA-dependent luciferase reporter and a B-arrestin2-
TEV fusion gene) were provided by the laboratory of B. Roth (University of North Carolina, Chapel Hill).
Cells were grown on 6 well plates (500,000 cells/well) and were transfected with Adgrd1-Tango
plasmid. 24h post transfections, cells were washed with PBS and fresh medium containing
recombinant FT (23-110 residues) was added to the cells at 10uM concentration. As control cells were
treated with PBS: 6 hours post treatment, cells were processed with Bright-Glo luciferase system
(Promega) according to the manufacturers protocol. 25ug of the cell lysate was in 200ul of assay mix.
Luciferase was detected by chemiluminescence.

cAMP Assay

cAMP levels in cell and tissue lysates were measured using a direct cAMP ELISA Assay kit (Enzo Life
Sciences). Sample preparation for ELISA and data analysis were performed as described previously [8].

Immunohistochemistry

Mice brains were fixed in formalin followed by treatment with concentrated formic acid to inactivate
prions. Brain sections (app 2um) were generated and deparaffinized using graded alcohols followed
by antigen retrieval using 10mM citrate buffer (pH 6). The presence of prion deposits was visualized
using SAF84 antibody (1:200; SPI Bio). Microglia and Astrocyte proliferation was visualized by staining
the brain sections using anti lbal (1:2500; WAKO) and anti GFAP antibody (1:1000 Agilent
technologies). When appropriate the brain sections were counterstained with haematoxylin and
eosin. The images were acquired using NanoZoomer scanner (Hamamatsu Photonics) and visualized
using NanoZoomer digital pathology software.

Cerebellar organotypic cultured slices (COCS)
9-12 day old pups were used to generate COCS from both the wild type and Adgrd1 ablated mice [9].

Pups from Adgrd1 ablated mice were genotyped using the toe clips before generating slices to confirm
the knockout on both alleles. Once generated, COCS were transferred onto inserted in 6 well plates
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and COCS and maintained in a standard cell culture incubator (37°C, 5% C0O2, 95% humidity) Fresh
medium was replenished once every 3 days.

Prion inoculations and POM1 treatment of COCS

Freshly generated COCS were infected with Rocky Mountain laboratory strain 6 prions (RML6) or as a
control with either non-infectious brain homogenate (NBH). COCS with prions were maintained for
56 days and fixed with 4% paraformaldehyde and staining with NeuN (to label cerebellar granule
neurons) and DAPI (to label nuclei). For treatment of COCS with toxic anti-PrPC antibody (POM1), slices
were treated with POM1 (67nM) or as a control with IgG for 10 days after a 2-week recovery period
after generation of slices. Slices were fixed, imaged, and analyzed as described previously (Ref).

Western blotting

Homogenization of mouse brains was performed in a TissuelLyserLT by using 10 volumes of lysis buffer
(0.5% Nonidet P-40, 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS),
protease inhibitors (complete Mini, Roche), phosphates inhibitors (PhosphoSTOP, Roche) in PBS).
Lysates were transferred to microfuge tubes and centrifuged at 1000g for 5 min at 4°C to remove the
cell debris. 40ug of protein was loaded on SDS PAGE (4-12% Novex NuPAGE) followed by transfer onto
nitrocellulose membrane using iBlot (Invitrogen). For proteins < 100 kDa, the transfer was performed
at 20 V for 7 min. For proteins larger than 100 kDa, the transfer was performed at 15 V for 15 min.
Samples were blocked in SureBloc (Lubio biosciences) for 1 hour followed by incubation with primary
antibodies (anti Gpr133 antibody -Aviva Biosystems; anti Flag antibody: Sigma). HRP tagged Secondary
antibodies: Goat Anti-Mouse IgG (H +L; #62-6520) or Peroxidase-Goat Anti-Rabbit 1gG (H +L;
#111.035.045) were used at 1:4000 for 1 h at room temperature and membranes were developed
using Luminata Crescendo (Millipore). Images were acquired using Fusion Solo 7S Edge (Vilber).

Immunoprecipitations

HEK293T cells growing in 6 well plated were transfected with plasmid expressing Adgrdl or as a
control with pCDNA3. 24 hours post transfections, cells were washed twice with PBS followed by
treatment with recombinant FT (10uM, 20min) or as control with PBS. Cells were washed with PBS
and lysed in IP buffer: 1% Triton X-100 in PBS, 1x protease inhibitors (Roche) and Phosphostop (Roche)
for 20 min on ice followed by centrifugation at 5000rpm for 5 min at 4°C. BCA assay was performed to
qguantify the protein and 1mg of protein was used for immunoprecipitation. 2mg of anti- Flag antibody
was added to the cell lysate and incubated on the rotating wheel (overnight at 4°C). Following day,
Protein G Dynabeads (25ul) was added per tube and further incubated on the rotating wheel for3h at
4°C. IP buffer was used to wash the beads (3 times, 5 min each) and after the final wash, sample buffer
(containing 1mM DTT) was directly added to the beads. Samples were heated to 65°C for 20 minutes
followed by SDS PAGE and western blotting with anti-Flag and anti PrP antibody (POM?2).

Phylogenetic analyses

The sequence used for the human PRNP protein has the UniProt ID P04156 (referred to as PrP
henceforth). The sequence of the isoform annotated as canonical was selected for the analysis.
Homologs for PrP were detected using PSI-BLAST which was run for 5 iterations on the online BLAST
server with default parameters [10, 11]. The search was performed on the RefSeq Protein
database and the results were restricted to the Mammalia taxonomy (tax ID 40674). Only the putative
homologs with a query cover between 90-100% and query identity between 75-100% were included
in the PSI-BLAST iterations. This resulted in 164 putative homologs at the end of 5 iterations.
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The sequences of the 164 putative homologs were downloaded from BLAST and aligned using MAFFT
v7.453 using the E-INS-l option [12, 13]. The command used was "mafft --maxiterate 1000 --genafpair
--reorder <alignment_file>.fasta > <aligned_file>.phy". One sequence (XP_011796434.1 - Colobus
angolensis palliatus major prion protein isoform X5) was noted to have misalign with the rest of the
alignment in the region of the motif of interest (KKRPKPGG) and was removed and the entire set was
realigned. The alignment was visualized in Jalview [14] and the consensus sequence and consensus
conservation percentages were extracted. The consensus sequence logo for the sequence between
positions 123 and 135 was set to the Clustal colouring scheme and generated using WebLogo [15].
The plots were generated using Microsoft Excel. The KKRPKPGG motif was found to be highly
conserved within Mammalia. In 57.4% (93 out of 162) of the sequences, the motif was KKRPKPGGG.

Molecular modelling

The sequences of the N-terminal fragment (residues 1 to 560) of human Adgrl (Uniprot ID: Q6QNK2)
and of FT23.50 were used to perform the prediction of the three-dimensional structure of the Adgrl-
FT23.50 complex using AlphaFold Multimer v2.2.0 using default parameters. The flexible protein-
peptide docking computational experiments were performed using the three-dimensional structure
of the human Adgrl N-terminus, as predicted by AlphaFold [16]. This structure was obtained by
downloading complete human Adgrd1 prediction from the AlphaFold database [17] and extracting the
N-terminal fragment with the molecular graphics program VMD [18]. The sequence of FT23.50 was then
docked to that structure using the CABS-dock web server [19] with default parameters. Images were
rendered using VMD [18] and the PyMOL Molecular Graphics System, Version 2.5.2 Schrodinger, LLC.
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