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Precise synapse formation is essential for normal functioning of the nervous system. Retinal
photoreceptors establish selective contacts with bipolar cells, aligning the neurotransmitter release
apparatus with postsynaptic signaling cascades. This involves trans-synaptic assembly between
the dystroglycan-dystrophin complex on the photoreceptor and the orphan receptor GPR179 on
the bipolar cell, which is mediated by the extracellular matrix protein pikachurin (also known as
EGFLAM). This complex plays a critical role in the synaptic organization of photoreceptors

and signal transmission, and mutations affecting its components cause blinding disorders in
humans. Here, we investigated the structural organization and molecular mechanisms by which
pikachurin orchestrates trans-synaptic assembly and solved structures of the human pikachurin
domains by X-ray crystallography and of the GPR179-pikachurin complex by single-particle,
cryo—electron microscopy (cryo-EM). The structures reveal molecular recognition principles of
pikachurin by the Cache domains of GPR179 and show how the interaction is involved in the
trans-synaptic alignment of the signaling machinery. Together, these data provide a structural basis
for understanding the synaptic organization of photoreceptors and ocular pathology.

Introduction

In vertebrates, vision begins when light excites rod and cone photoreceptors, which
hyperpolarize in response (1). The signal is then relayed to other neurons in the retina

for processing and ultimately transmitted to the brain to generate an actionable neural
representation of the sense (2, 3). This process crucially hinges upon the integration

of photoreceptors into the neural circuitry of the retina. For this, photoreceptors form
synaptic contacts with their downstream neuronal partners, the bipolar cells (BCs). In
particular, photoreceptors connect with the ON-type of BC (ON-BC), forming a specialized
metabotropic synapse (4-6). Failure to establish synapses with the ON-BC because of either
functional or structural deficits results in night blindness accompanied by a range of visual
impairments in humans (5, 7).

There has been tremendous progress made in identifying the players involved in

synaptic connectivity and the transduction of signals at photoreceptor synapses (5, 8).
Pre-synaptically, a crucial role in this process is played by the synaptic release apparatus

of photoreceptors that controls exocytosis of the neurotransmitter glutamate (9, 10).
Accordingly, on the postsynaptic ON-BC neurons, elements of the signaling cascades

that respond to glutamate are essentially involved. These include the glutamate receptor
mGIuRS, the effector ion channel TRPM1, and a GTPase-activating protein (GAP) complex
that controls mGIuR6-TRPM1 coupling and involves the poorly understood orphan receptor
GPR179 (5, 11-13). Furthermore, studies also identified several cell adhesion molecules
that control the synaptic connectivity of photoreceptors by interacting with the signaling
components in photoreceptors or ON-BCs (5, 14). One of the first identified elements with
a crucial role in shaping photoreceptor contacts and signal transduction is the Agrin-like
extracellular matrix protein EGFLAM, generically called pikachurin (15, 16). Research

on Pikachurin showed that it forms a transsynaptic bridge that interacts with both pre-
synaptic elements through its direct binding to the photoreceptor dystroglycan complex
(DGC) and postsynaptically with the GPR179-GAP complex (Fig. 1A) (16, 17). Loss

of pikachurin in mice results in disruption of photoreceptor synaptic organization and
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synaptic transmission, recapitulating the blinding phenotype of disease-causing mutations

in either DGC or GPR179 in human patients and mouse models (15, 16, 18). However,

the mechanisms by which pikachurin exerts its effects are incompletely understood and

no structural information is available for it, let alone any transsynaptic complexes at
photoreceptor synapses. Here, we used a combination of X-ray crystallography and single-
particle, cryo—electron microscopy (cryo-EM) to determine the high-resolution structures of
distal modules of pikachurin alone and in combination with the orphan receptor GPR179.
Our results reveal how transsynaptic complexes are assembled at photoreceptor synapses and
provide a mechanistic basis for understanding the role of the extracellular matrix in aligning
neurotransmitter signaling cascades.

Overall structural organization of pikachurin alone and in complex GPR179

We used a combination of X-ray crystallography, small-angle X-ray scattering (SAXS),
and cryo-EM to obtain structures of pikachurin domains and pikachurin in a complex with
the orphan receptor, GPR179. First, we deconstructed pikachurin into its domain modules,
including those involved in the interaction with GPR179 (Fig. 1B). We determined high-
resolution X-ray crystal structures of fibronectin type I11 (FN3) domains I and 11 and the
laminin-like globular domain (LG) at resolutions of 2.5 and 2.1 A, respectively (Fig. 1B,
figs. S1 and S2, table S1).

The structure of the N-terminal FN3 domains of pikachurin display a typical p-sandwich
fold of FN3, comprising seven strands in which a three-stranded antiparallel p-sheet

is packed onto a four-stranded antiparallel p-sheet (Fig. 1B). Furthermore, the FN3
domains are arranged in tandem, adopting a distinct bent conformation. The bent FN3
tandem is stabilized by a 31 helix in the FN3 connecting loop and a disulfide bridge
between Cys!39 of the connecting loop and Cys*® of FN3-1, providing rigidity to the

FN3 domains. Additionally, the FN3 tandem is further stabilized by glycosylation at
Asn*’, which occupies the inner side of the curvature (fig. S1A). To understand the
oligomeric state and arrangement of the FN3 domains in solution, we used size-exclusion
chromatography coupled to small-angle X-ray scattering (SEC-SAXS). These solution
studies showed that the FN3 tandem is monomeric (fig. S1B and table S2) and highlighted
its limited interdomain conformational freedom. Structural superposition of FN3-1 onto
FN3-I1 showed that their overall folds are similar, despite having a low sequence identity
(~25%) and the presence of glycosylation site only in FN3-I (fig. S1, C and D). Structural
comparison with tandem FN3 domains from other proteins showed that the FN3 assembly
of pikachurin maintains the typical FN3 fold but possesses distinctive features that include
a unique curvature, a connecting loop incorporating a 31 helix, a disulfide bridge, and a
glycosylation site (fig. S1C).

The structure of the LG3 domain of pikachurin adopts the characteristic g-jellyroll fold
of an LG domain, comprising fifteen p-strands (Fig. 1B). The upper leaflet contains a
seven-stranded antiparallel p-sheet, which is sandwiched by the lower leaflet formed by
an eight-stranded antiparallel p-sheet. It also contains two a-helices, a single disulfide
bridge (Cys®87 to Cys1014), and a glycosylation site (fig. S2A). Structural comparison
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with LG3 domains from other proteins revealed that the LG3 domain of pikachurin has
several unique features, including a distinctly long H1 helix and a unique glycosylation

site (fig. S2B). However, despite having low sequence similarity with other LG3 domains,
that of pikachurin maintains a conserved Ca?*-binding site and a disulfide bridge (fig.
S2C). Moreover, our SEC-SAXS experiments showed that the LG3 domain of pikachurin is
monomeric in solution (fig. S2D, table S2).

To visualize the transsynaptic signaling complex formed between the ECD of GPR179 and
pikachurin, we determined the structure of the EGF3-LG3 tandem module of pikachurin
complexed with GPR179 by cryo-EM at a resolution of 4.1 A (figs. S3 and S4, table

S3). We observed density for all of the structural elements, including the ECD and the
transmembrane (TM) domain of GPR179, as well as the LG3 and EGF3 domains of
pikachurin (Fig. 2A). However, for model building, we only used regions with well-resolved
densities, and we excluded the TM domain, a part of the GPR179 ECD, and the EGF3
domain of pikachurin with lower interpretation confidence. Focused refinement of the
GPR179 ECD-pikachurin complex further improved the quality of the cryo-EM density
(Fig. 2B), enabling the precise orientation of the LG3 domains of pikachurin and the
assignment of secondary structures with a resolution of 3.5 A (figs. S3 and S4). Overall,

the structure of the complex reveals two molecules of pikachurin facing each other in

an opposite orientation while bound at the apex of the dimeric ECDs of the GPR179
homodimer (Fig. 2B). The LG3 domain of pikachurin directly engages GPR179, whereas
the EGF3 domain is not directly involved in the interaction. GPR179 forms a homodimeric
assembly with its protomers interacting through the ECD and the TM regions. Each GPR179
subunit is composed of an ECD and a TM domain connected by a flexible stalk domain.
The density at the stalk and TM region of protomers were not well-resolved, limiting the
analysis to their overall organization. The dimeric assembly of the TM domain suggests that
dimerization is facilitated by one TM helix from each protomer, possibly a TM4-to-TM4
arrangement, based on fitting of the TM domain model from AlphaFold (fig. S4, H and

I); however, the assignment of correct TM helices is limited due to the poor, discontinuous
density at the TM region.

Distinct architecture of the ECD of GPR179

Analysis of the ECD regions of GPR179 shows that it features an N-terminal a-helical
region, a central globular domain, and a C-terminal stalk region (Fig. 3A and fig. S5A).
The globular domain shows a structural fold characteristic of Cache (CAlcium channels and
CHEmotaxis receptors) domains present in bacterial chemoreceptors, auxiliary subunits of
calcium channels, and also identified in a related orphan receptor, GPR158 (Fig. 3B, fig.
S5, B and C) (19). The Cache domain of GPR179 is composed of six antiparallel B-sheets
supported by two a-helices from the backside and several distinctive features not seen in
other Cache domains: a lever-like long loop (B3p4 loop) that harbors a B-hairpin (B3'-p3")
and a 31 helix (Fig. 3B). The density of the long loop was not uniformly well-resolved,;
however, the presence of distinct secondary structural elements (the B-hairpin and a 31
helix) enabled it to be positioned (fig. S5B). The a.2 helix features an extension (a.2")

that twists towards the apex of the domain and transitions into the loop that connects the
al and a2 helices. The curved B-sheets are stabilized from the backside by hydrophobic
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interactions with the a1 and a2 helices, whereas the sheet core forms an acidic pocket in a
position equivalent to the diverse ligand-binding pockets found in other Cache domains (fig.
S5, C and D). A part of the “lever-like” flexible loop was not modeled due to poor density;
however, it is seemingly positioned over the top of the putative ligand-binding pocket,
similarly to helix a3 in other Cache domains (fig. S5B) and thus likely participates in
capping the pocket from the top of the cavity, restricting the pocket size and its accessibility.
Furthermore, the lever loop contains acidic residues, presumably extending the acidic
environment of the pocket and possibly contributing to ligand interaction selectivity (fig.
S5E).

The Cache domains of GPR179 dimerize to form a distinct supramolecular structure with
core B-sheets from each protomer assembling at the outer side generating a p-barrel-like
fold that entraps individual Cache domain helices inside the central pore (Fig. 3C and fig.
S5F). At the same time, the core p-sheets are not directly involved in forming the dimeric
interface. The a1 and a2 helices of the Cache domains cross each other to generate a four-
helix bundle involving an extensive network of interactions. This bundle is lodged inside

the B-barrel stabilizing the interface (fig. S5, G and H). The a2 helices from both Cache
domains are positioned at the top of the p-barrel, capping it perpendicularly. One of the most
prominent features of the dimeric interface is the involvement of a distinct B-hairpin that
wraps the a-helices from both sides, filling the space between the core B-sheets of the Cache
domains (Fig. 3C). The B-hairpin further extends the dimeric interface by interacting with
the a2 helix and B3 sheet of another Cache domain (Fig. 3D and fig S6A).

The N terminus of the Cache domain is connected to the N-terminal domain (NTD) of
GPR179, whereas the C terminus is connected to the stalk region. The densities of both
regions were not well-resolved. The NTD is composed of two helices, whereas the stalk
region contains flexible loops and has ten cysteines that may engage in intradomain disulfide
bridges; however, poor density in this region limited confident model building (fig. S6, B
and C). Moreover, the ECD contains a disulfide bond formed between Cys’® of the NTD-
Cache loop and Cys236 of the Cache domain B4p5 loop (fig. S6B). The ECD is connected
to the TM domain through the stalk region. To gain further insights into the conformational
dynamics of GPR179, we performed HDX-MS analysis. These measurements showed high
deuterium exchange at the lever-like loop of the Cache domain and at the stalk region of
ECD, indicating conformational flexibility at these regions (fig. S7).

Overall, the ECD of GPR179 forms a distinct module not typically found in GPCRs.
Whereas it resembles the architecture of the extracellular region of its closest homolog
GPR158, the two ECDs are relatively distinct, which is underscored by their limited
sequence similarity (42% sequence identity) (fig. S8) and the high degree of deviation
upon structural alignment (RMSD values ranging from 2.2 to 3.7A) (fig. S9A). There are
several notable distinct features of the GPR179 ECD. First, the NTD region of GPR179
is composed of two helices, in contrast to the three that are present in GPR158, which
have a distinct arrangement (fig. S9B). The first helix of the GPR179 NTD is longer

and less conserved (fig. S8). The loop that connects the NTD with the Cache domain is
shorter in GPR179 than that in GPR158, variable, and adopts a different conformation.
Second, as noted earlier, the Cache domain of GPR179 features a distinct lever-like loop
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that is absent from GPR158 (fig. S9C). This loop is involved in both dimerization and
organization of the putative ligand-binding pocket and could play a critical role in ligand
recognition and selectivity. Third, the putative ligand-binding pocket of GPR179 also has
notable differences from the corresponding pocket in GPR158. The pocket in GPR179

has an acidic surface potential unlike the amphipathic pocket in GPR158 and the two
receptors have prominent differences in their putative ligand-interacting residues (fig. S9D).
Fourth, the stalk regions of GPR158 and GPR179 contain flexible loops, reflecting their
dynamic nature but which are not conserved among the two receptors (fig. S8). Despite the
distinct features of the GPR179 ECD, its overall architecture, including the ordering of the
domains, the presence of the Cache domain, and the conservation of cysteine positions in
the ECD and dimerization, resembles that of GPR158. This suggests that both receptors
share common signaling principles but that they can nevertheless deviate substantially in
regulatory mechanisms and in the ligands that they recognize.

Principles of pikachurin recognition by GPR179

The structure of the pikachurin-GPR179 complex showed that the two LG3 domains of
pikachurin are bound to the GPR179 homodimer at the apex of each Cache domain,
involving the a2' helix and the B1p2, B5p6, and p-hairpin loops (Fig. 2B, Fig. 4A, fig.

S10, A and B). From the pikachurin side, the binding is mediated by the lower leaflet of a
B-jellyroll fold positioned perpendicularly on the top a2' helix of the Cache domain. The
LG3 domains face each other in reverse orientation. Each LG3 domain interacts with one
Cache domain protomer in the same way. The LG3 Asn®17 glycosylation site is distant from
the GPR179-LG3 contact interfaces (Fig. 4A). Together, this arrangement forms a tetrameric
assembly with two LG3 domains engaging dimeric Cache domains forming an extensive
binding interface (Fig. 4A).

The interaction network of Cache domains engaging individual LG3 domain is extensive
and can be divided into three sites (Fig. 4B). Binding site | mostly involves the a2' helix

of the Cache domain covering from the central part to one corner of the lower leaflet of

the B-jellyroll fold, with a p-hairpin loop stabilizing from another corner. Both the a.2' helix
and pB-hairpin that contribute to GPR179 dimerization at the ECD form a substantial binding
interface through an extensive network of hydrophilic interactions with residues of p-sheets
S8, S9, and loop S9S10 of pikachurin (fig. S10C). Note that two acidic residues of the a.2'
helix are engaged in ionic interactions with basic residues of the B-sheets. Asp!l’ and Glu120
of the a2' helix form ionic bonds with Lys%38 of S9 and Lys%2% of S8, respectively, whereas
Lys213 of the B-hairpin loop engages in an ionic pairing with Asp%2 and hydrogen bonding
with Tyr%44 of the S9S10 loop to stabilize the interaction (fig. S10C). Another prominent
binding interface is formed by site 11, which stabilizes the complex and comprises all loops,
namely the B5p6 loop of the Cache domain and loops S8S9 and S10S11 of the LG3 domain.
Site Il may be stabilized by the formation of two ionic pairs between the interface residues
present in proximity to each other (fig. S10D). Finally, site Il1, in the opposite corner

from B-hairpin loop of site I, is composed of the p1p2 loop of the Cache domain and the
S12S13 and H1S3 loops of LG3 domain, which stabilize the interface through hydrophilic
interactions (fig. S10E).

Sci Signal. Author manuscript; available in PMC 2023 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patil et al.

Page 7

In the context of pikachurin-GPR179 binding, the a2 helix and B-hairpin at the dimeric
interface of the GPR179 ECDs are both engaged in pikachurin binding, suggesting

that docking of pikachurin molecules involves the interaction interface of the GPR179
protomers. This is also evident from electrostatic surface potential analysis of the GPR179
ECD, which shows an overall negative charge at the binding interface, providing a favorable
complementary surface for docking positively charged pikachurin LG3 domains (Fig. 4C).
Overall, the GPR179-pikachurin complex is strongly stabilized by an extensive network of
interactions, which are predominantly hydrophilic and ionic. This is further supported by our
SPR and MST analysis, showing higher binding affinities (Kp values of 290 and 175 nM,
respectively) between the GPR179 ECD and the pikachurin EGF3-LG3 domain (fig. S11).

To understand why only the terminal EGF3-LG3 module is capable of binding to GPR179
despite the presence of two other similar EGF-LG tandems in the pikachurin molecule (17),
we compared the experimentally observed structure of LG3 with the structures of LG1

and LG2 as predicted by AlphaFold. Whereas all LG modules share a similar fold, we

note substantial differences in the loops, including those involved in the interaction with
GPR179 (fig. S12A). Most importantly, most of the binding determinants that are crucial
for GPR179 binding are not conserved in LG1 and LG2, especially at sheets S8, S9, and
S10, and at loops S8S9 and S9S10 (fig. S12B). Moreover, the overall surface electrostatic
charge at the corresponding binding interface differs between LG1 and LG2 and is predicted
to be unfavorable for GPR179 binding (fig. S12C). All of these differences result in the
LG3 domain being distinctly suitable for GPR179 binding, whereas other modules possibly
specialize in interactions with other binding partners, including the DGC complex (16), to
form a supramolecular assembly.

Furthermore, binding to GPR179 brings the two LG3 domains of pikachurin close together,
and their orientation and positioning is likely shaped by the interaction of the respective
LG3 protomers with the Cache domains of GPR179. Because Cache domains are tightly
integrated together by extensive interactions, binding of the LG3 domains of pikachurin
likely occurs in the context of GPR179 dimerization. Consistent with this speculation, our
SEC-SAXS studies showed that, similar to LG3, the EGF3-LG3 construct of pikachurin is
also monomeric in solution (fig. S13A, table S2).

To address a question about the conformational consequences of GPR179-pikachurin
interactions, we compared the crystal structure of LG3 domain in the apo form with its cryo-
EM-—derived structure when bound to GPR179. We detected re-organization of the loops

at the lower leaflet of the B-jellyroll fold upon GPR179 binding (RMSD value of 1.08A).
Loops S7S8, S8S9, S10S11, and S12S13 re-arrange to form contacts with GPR179 (fig.
S13B). Extracellular interactions of some GPCRs can alter their signaling (20). Therefore,
we next tested whether pikachurin binding induced an alteration in GPR179 function. For
this, we used BRET-based reporter assays to study the effect of pikachurin on the GAP
activity of the GPR179-RGS7 complex. These experiments showed that the addition of
pikachurin did not influence the kinetics of deactivation of Ga (fig. S14), a substrate
regulated by the GPR179-RGS7 complex in ON-BC neurons to enable synaptic transmission
of the light signal. Although the absence of a ligand for GPR179 that can serve as a positive
control limits the interpretation of these results, they are consistent with the observation that
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pikachurin does not interact with the putative orthosteric pocket in the Cache domains of
GPR179.

Discussion

Here, we present structures of the retina-specific ECM protein pikachurin and show

how it binds to the client receptor that it controls: GPR179, an orphan class C GPCR.
Interactions between GPCRs and extracellular proteins is an emerging theme in the field
(21). Classical models of GPCRs nearly exclusively ascribe ligand-binding function to the
large extracellular domains particularly prominently present in class C receptors. However,
other evidence suggests that the ECDs of class C GPCRs are also engaged in interactions
with cell adhesion molecules that control their functional activity and localization (22-25);
however, a structural basis for these interactions is lacking.

GPR179 is a noncanonical receptor that instead of activating heterotrimeric G proteins
recruits the RGS protein complex, which signals by deactivating its substrate Ga.q, an event
that leads to the opening of the ion channel TRPM1, thereby depolarizing the cell (12,

13, 26). This unusual assembly requires positioning of the GPR179 complex precisely at

the synaptic sites, which is achieved through its transsynaptic interactions involving the
extracellular matrix protein pikachurin (17). Our work reveals how pikachurin may recruit
GPR179 complex to the synaptic sites at the atomic level. Pikachurin uses its distal LG
domain to engage a distinct surface of the presumptive ligand-binding domain of GPR179
called the Cache domain. This interaction occurs at a site distinct from the putative pocket

in the Cache domain, thereby likely not impeding ligand interactions. Consistent with

this observation, we observed that pikachurin binding failed to influence GPR179 activity,
indicating that it is unlikely to serve as a bona fide ligand. Instead, pikachurin seems to be an
auxiliary subunit of GPR179, potentially guiding its synaptic insertion and conformational
state for optimal positioning of the intracellular RGS complex. We also determined the
structure of the FN3 domain of pikachurin, which is not directly involved in the interaction
with GPR179. We speculate that it likely plays a structural role in ensuring the proper
orientation of the pikachurin molecule in the synaptic cleft or that it might be involved in the
recruitment of additional binding partners.

Our findings also reveal the presence of the Cache domain in GPR179, an unusual feature
not commonly observed in GPCRs. The only other receptor known to contain a Cache
domain is GPR158, with which GPR179 shows some homology (19). The Cache domain
of GPR179 features a clearly identifiable pocket well that is suited for binding to small
molecules. This pocket is analogous to the ligand-binding pockets in the Cache domains

of bacterial chemoreceptors (27), suggesting that GPR179 may also use it to detect small-
molecule ligands. Indeed, this pocket in GPR158 has been recently identified as a binding
site for its ligand, glycine (28). However, the pocket in GPR179 appears to be quite distinct
from that seen in GPR158, suggesting that its ligand is also likely different. The interaction
of the Cache domain with the LG domain that we report here suggests that Cache-LG
binding may be a general phenomenon.

Sci Signal. Author manuscript; available in PMC 2023 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patil et al.

Page 9

Finally, our findings offer potential insights into the molecular mechanisms underlying the
pathology of Congenital Stationary Night Blindness (CSNB), a blinding disorder associated
with defects in signal transmission from rod photoreceptors to bipolar cells in the retina

(7). Mutations in GPR179 have a causal role in CSNB (12, 13). Synaptic localization

of GPR179 is controlled by pikachurin, and loss of pikachurin similarly impairs the
synaptic communication between rods and bipolar cells (16, 17). Note that two mutations of
GPR179, D126H and Y220C, are located in the Cache domain. Asp!26 is present at the a.2’
helix that participates in the GPR179 ECD dimeric interface, as well as the binding interface
of pikachurin, whereas Tyr220 is located on B-hairpin sheet B3" of the B3p4 loop and is not
directly involved in binding to pikachurin (Fig. 5A). Both the D126H and Y220C mutations
may disrupt the structural integrity of the GPR179 homodimeric assembly by destabilizing
the Cache domain dimeric interface either directly (D126H) or by hampering core assembly
by breaking the rt-7t interaction in the B-hairpin loop (Y220C) (Fig. 5B). These deficiencies
could explain the surface trafficking defects that have been observed for the Y220C

mutant (29). Our model suggests that pikachurin-GPR179 binding may be perturbed by
CSNB-associated mutations. However, directly investigating this experimentally will be
challenging due to the mutually co-stabilizing nature of the complex and the associated
effects of the mutations on the cell-surface trafficking of GPR179, pikachurin, or both. In
general, we envision that the availability of the high-resolution structural information of

the pikachurin-GPR179 complex will facilitate studies of the molecular etiology of human
blinding disorders.

Materials and Methods

Culture and transfection of clonal cell lines

For GPR179 (1-740) production, HEK293 GnTI~ cells (ATCC, CRL-3022) were cultured
at 37°C in 8% CO», using FreeStyle 293 Expression Medium (Life Technologies)
supplemented with 2% fetal bovine serum (FBS). FN3 I-11 (25-237), EGF3-LG3 (784-1017),
LG3 (831-1017), and GPR179 ECD (UniProt entry Q6PRD1, 26-380) were produced

in HEK293F cells. For functional studies, HEK293FT cells (ThermoFisher Scientific,
R70007) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS (v/v), minimum Eagle’s medium non-essential amino acids, 1 mM sodium
pyruvate, and antibiotics (100 units/ml penicillin and 100 mg/ml streptomycin) at 37°C in
a humidified incubator with 5% CO,. HEK293FT Cells were transiently transfected with
Metafectene Pro (Biontex, Germany) in 96-well plates according to the manufacturer’s
instructions.

Generation of human GPR179 BacMam virus

We generated a construct encoding human GPR179 with a C-terminal truncation. The
construct was modified to include a C-terminal 3C protease cleavage, eGFP, the Flag

tag, and a 10x histidine tag. We subcloned the construct into modified pEG BacMam
vector (30). The baculovirus containing GPR179 was generated and amplified in Sf9 cells
(ThermoFisher Scientific, 11496015).
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GPR179 expression and purification

For protein production, HEK293 GnTI~ cells were cultured at a density of 3.0 x 108 cells/ml
and infected with GPR179 high titer P3 BacMam viruses. To enhance the expression, 10
mM sodium butyrate was added to the culture 12 hours after infection. The culture was
further incubated for 48 hours at 30°C and the cells were harvested by centrifugation and
stored at —80 °C. To purify GPR179, the cells were suspended in 20 mM Tris (pH 8.0), 250
mM NacCl, 10% glycerol, 0.5 mM PMSF and complete Protease Inhibitor Cocktail tablets
(Roche). To solubilize cell membranes, 1% (w/v) lauryl maltose neopentyl glycol (LMNG,
Anatrace) supplemented with 0.2% (w/v) cholesteryl hemisuccinate (CHS, Anatrace) was
added to the suspended cells. After the cells were disrupted with a sonicator, cell membranes
were solubilized for 2 hours at 4°C. The insoluble matter was removed by centrifugation,
and the clarified supernatant was incubated with M2 anti-Flag affinity resin for 1 hour

with gentle rotation. The unbound proteins were washed with stepwise gradient (0.1 to
0.005%) of LMNG. Finally, GPR179 was eluted with 20 mM Tris (pH 8.0), 100 mM NacCl,
0.005% LMNG, 0.001% CHS. and 0.2 mg/ml Flag peptide. The eluted GPR179 fractions
were collected and subjected to 3C protease cleavage to remove eGFP and the affinity
purification tags. Uncleaved proteins were removed by incubation with M2 anti-Flag affinity
resin. The cleaved protein was collected as flow-through and concentrated with an Amicon
Ultra Centrifugal Filter (MWCO 100 kDa). GPR179 was further purified with a Superose 6
increase column (GE Healthcare) pre-equilibrated with 20 mM Tris (pH 8.0), 100 mM NacCl,
0.005% LMNG, and 0.001% CHS. The peak fractions were pooled and concentrated to 0.2
mg/mL for the cryo-EM study.

Expression and purification of pikachurin constructs

The coding sequences for pikachurin constructs (referred to UniProt entry Q63HQ2)
encompassing FN3 | to Il (amino acid residues 25 to 237), EGF3-LG3 (residues 784 to
1017), and LG3 (residues 831 and 1017), and the GPR179 ECD (UniProt entry Q6PRD1,
residues 26 to 380) were subcloned into the pUPE.06.03 and pUPE.106.08 expression
vectors (U-protein Express BV), to provide secreted, noncleavable, and Tobacco Etch Virus
(TEV) protease—cleavable N-terminal, His-tagged variants of the recombinant proteins.
Recombinant expression in HEK293F cells was performed for all constructs as described
previously (31). Briefly, HEK293F cells (Life Technologies) in suspension were transfected
at a confluence of 1 x 10° cells/ml with 1 g of plasmid DNA and 3 pg of linear
polyethyleneimine (PEI; Polysciences). Cells were harvested 6 days after transfection by
centrifugation for 15 minutes at 1000g. The clarified medium was filtered with a 0.8-mm
Minisart GF syringe filter (Sartorius) and the pH was adjusted to 8.0 before being subjected
to immaobilized metal ion affinity chromatography exploiting the affinity of the 6xHis tag
for a HisTrap Excel 5 mL (GE Healthcare) affinity column. Recombinant samples carrying
removable His-tags were then subjected to TEV cleavage, which was followed by reverse
IMAC purification. All samples underwent further purification on a Superdex 75 Increase
10/300 GL (GE Healthcare) equilibrated in 25 mM HEPES/NaOH, 200 mM NaCl (pH
8.0), to obtain homogenous samples. Peak fractions containing the protein of interest were
pooled, concentrated, flash-frozen in liquid nitrogen, and stored at —80 °C until usage.
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Crystallization, data collection, structure determination, and refinement

pikachurin crystallization experiments were performed with the hanging-drop vapor-
diffusion method protocols. The N-terminal pikachurin FN3 I-11 construct was crystallized
at 20°C by mixing 0.5 pl of pure protein concentrated at 8 mg/ml with 0.5 pl of reservoir
solution composed of 18% polyethylene glycol (PEG) 3350 and 180 mM sodium bromide.
The C-terminal pikachurin LG3 construct was crystallized at 20°C by mixing 0.5 pl

of pure protein concentrated at 12 mg/ml with 0.5 pl of reservoir solutions composed

of 1.5 to 2.0 M ammonium sulfate, 100 mM sodium acetate (pH 4.6). Crystals were
cryo-protected with the mother liquor supplemented with 20% glycerol, harvested with
MicroMounts Loops (Mitegen), flash-cooled, and stored in liquid nitrogen prior to data
acquisition. X-ray diffraction data were collected at the European Synchrotron Radiation
Facility (ESRF), Grenoble. Data were indexed and integrated with XDS (32) and scaled with
Aimless (33). Data collection statistics are summarized in table S1. Both structures were
solved by molecular replacement with PHASER (34) using the structure of the C-terminal
extended domain of human myomesin-1 [PDB ID: 5FM4, (35)] and the structure of the
LG3 domain of human perlecan [PDB ID: 3SH4, (36)] as search models for the N- and

C- terminal pikachurin constructs, respectively. Initial model building was performed by
extensive usage of phenix.autobuild (37) and ARP/WARP (38), followed by iterative cycles
of manual rebuilding in COOT (39) and automated refinement with phenix.refine (40).
Model validation was performed with the validation tools available at the Protein Data Bank
(41). Refinement statistics for the final models are reported in table S1.

Cryo-EM sample preparation and data acquisition

For complex formation, GPR179 was incubated at equimolar concentrations with pikachurin
EGF3-LG3 at 4°C for 30 min. The complex was centrifuged before grid preparation. Three
microliters of GPR179-pikachurin complex were applied to freshly glow-discharged 300
mesh Gold grids (UltraAufoil R1.2/1.3) inside a FEI Vitrobot Mark IV (Thermo Fischer
Scientific) that was set at 4°C and 100% humidity. A blot force of 2, blot time of 3 s,

and wait time of 20 s was used before excess sample was blotted, and the grids were plunge-
frozen in liquid ethane. Cryo-EM images of the GPR179-pikachurin complex were acquired
on a 300 kV Titan Krios equipped with a Gatan K3 Summit direct electron detection (DED)
camera (Gatan) and a post-column GIF Quantum energy filter operating in counting mode at
a magnification of 105,000, giving a nominal pixel size of 0.855 A. A total of 6,538 movies
were collected with a defocus range of —1.3 to —2.1 pm. A total dose of 40 e"A=2 was
attained with a dose rate of ~11.81 e™/s/phys Pixel per frame across 40 frames for a 2.5-s
total exposure time.

Image processing and 3D reconstruction

The dataset was processed with RELION (42), CryoSPARC (43), or both (fig. S3 and table
S1). Movies were motion-corrected for beam-induced motion in RELION with MotionCor2
(44). The contrast transfer function (CTF) estimation was performed in CryoSPARC with
the patch CTF estimation tool on motion-corrected images. Unsuitable micrographs were
filtered out with the exposure curation module of CryoSPARC with a CTF fit <6, resulting
in 5,186 micrographs that were selected for further processing. We used the CryoSPARC
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TOPAZ program for particle selection and extraction (45), which resulted in a total of
1,194,494 particles. Selected particles were subjected to ab-initio reconstruction, which was
followed by heterogenous and homogenous and non-uniform (NU) refinement. A set of
249,466 particles was re-extracted after NU refinement to further improve the density at

the TM region and was further subjected to ab-initio reconstruction. After heterogenous
refinement, a set of 139,675 particles was chosen and subjected to NU refinement. To
further improve the quality of the map, we performed 2D classification to remove junk
particles, and selected particles were subjected to ab-initio reconstruction into two classes.
After heterogenous refinement, a set of 67,145 particles was subjected to NU refinement,
resulting in a final resolution of ~4.1A. We then performed local refinements with a mask
on the ECD-like and TM domains, individually, resulting in a resolution of 3.57 A for ECD-
pikachurin, whereas the map did not improve for the TM domain. The reported resolutions
of the final maps were estimated with the gold-standard Fourier shell correlation (GSFSC)
in CryoSPARC (43). The local resolution predictions were calculated by local resolution
estimation with CryoSPARC, with the resolution range estimated with the FSC = 0.143
criterion (42). EM density visualization was performed in UCSF Chimera (46).

Model building and refinement

We used the GPR179 ECD and pikachurin EGF3 models predicted by AlphaFold to initially
dock into the cryo-EM map with UCSF Chimera (46). Two protomers of each model were
fitted onto the cryo-EM density and then were manually adjusted, built, and real space—
refined in COOT (47). The local resolution in the TMD was relatively low, so the model
could not be built confidently, assigning each TM helices. We fitted the TM domain and

its dimerization based on the overall organization guided by the position of ECL2 and a
loop connecting to TM1; however, densities for the TM helices were poorly resolved and
dis-continuous, which limited our analysis broadly to the overall TM organization. For
building atomic model of LG3, we further used the crystal structure of LG3. Both full-length
and local refined ECD-pikachurin models were subjected to iterative manual building in
COQT, which was followed by real space-refinement in PHENIX against the corresponding
sharpened map using global minimization, local rotamer fitting, and restrained group ADP
refinement. All of the resulting models were refined against both the un-filtered half maps
and full maps using the real-space refinement algorithm and were subsequently validated
with comprehensive validation (cryo-EM) in PHENIX (48). Structures were visualized

and figures were prepared in UCSF Chimera (46), ChimeraX (49), and PyMOL (https://
pymol.org/2/). The data collection and refinement statistics are listed in table S3.

Size-exclusion chromatography coupled to small angle X-ray scattering (SEC-SAXS)

SEC-SAXS experiments with recombinant pikachurin Fn3 1-2, EGF3-LG3, and LG3
constructs were performed at the B21 beamline of Diamond Synchrotron Light Source
(DLS, Didcot, UK). Fifty microliters of each sample at different concentrations (ranging
from 0.5 to 2.5 mg/ml) were injected into a Superdex 75 3.2/300 (GE Healthcare)
column pre-equilibrated in 25 mM HEPES/NaOH, 200 mM NaCl (pH 8). Data collection
parameters are listed in table S2. SEC-SAXS data were analyzed with the ATSAS sulite.
In particular, scattering frames corresponding to samples were selected, averaged, and
subtracted from averaged buffer frames using CHROMIXS (50). The buffer-subtracted,
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1D scattering curves were then processed with PR/MUS (51) to compute the radii of
gyration (/,), and obtain molecular mass estimates; the pair distribution function (~(7))
and the maximum particle dimension (D;;,) Were estimated from the scattering data with
the algorithm available in GNOM (52). Ab-initio sphere models were generated through
repeated iterations with GASBOR (53), by providing the software with 2(r) (53) functions
derived from experimental data and the number of residues defining each pikachurin
construct. Ten independent, ab initio GASBOR runs were performed and subjected to

a similarity analysis with SUPCOMB and DAMSEL from ATSAS (54), which enabled
selection of a representative individual model based on normalized spatial discrepancy.
Superpositions of the ab initio sphere models with atomic structures were obtained with the
SUPALM ool of the SASpy PyMol plugin (55).

Microscale thermophoresis (MST)

The GPR179 ECD construct devoid of the His-tag was labeled with the RED-NHS dye of
the MST Labeling Kit (NanoTemper) according to the manufacturer’s instructions, reaching
a final concentration of 6 UM conjugated protein. Both the labeled GPR179 ECD (ligand)
and the recombinant pikachurin EGF3-LG3 (analyte) were diluted with 25 mM HEPES/
NaOH, 200 mM NaCl (pH 8), supplemented with 0.05% Tween-20 to avoid non-specific
aggregation/adsorption and autofluorescence. Labeled GPR179 ECD was used as target in
MST measurements at a final concentration of 200 nM. Experiments were performed with a
Monolith NT.115 (NanoTemper) instrument set at 25°C and with standard-treated capillaries
(NanoTemper). An MST protocol composed of pretest, binding check, and binding affinity
experiments was followed. Experimental settings were as follows: excitation power: 20%;
MST power: high; Thermostat Setpoint: 25.0°C; MST-on time: 2.5 s. In the last step,
pikachurin EGF3-LG3 was used as analyte in a titration series of 16 points each, in a
concentration range from 0.0014 to 47 pM. Data were analyzed with MO.Affinity Analysis
software version 2.2.4 (NanoTemper) to extrapolate binding affinity constants (K). Graphs
were generated with GraphPad Prism.

Surface-plasmon resonance (SPR)

Recombinant GPR179 ECD devoid of the His-tag was immobilized onto a
carboxymethylated dextran (CM5) sensor chip (Xantec) with a solution of 200

mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiide hydrochloride (EDC) in 50 mM N-
hydroxysuccinamide (NHS). Excess reactive groups were blocked with 1 M ethanolamine.
Experiments were performed with a Biacore T200 SPR instrument (GE Healthcare). After
verifying successful immobilization through the observation of a ~600 resonance unit (RU)
increase on the FC2, FC3, and FC4 experiment cells of the sensor chip, the FC1 cell was
prepared with the same protocol but without adding protein sample and was therefore used
as reference cell during measurements. Serial dilutions between 10 and 0.035 uM of the
pikachurin EGF3-LG3 construct devoid of the His-tag were made in the PBS-P + 0.01%
running buffer (GE Healthcare) and injected at a flow rate of 30 pl/min with a contact

time of 60 s. At the end of each sample injection, the sensor surface was regenerated by
flowing 1 M NaCl over it for 10 s. Sensorgrams were recorded at 25°C and the results were
analyzed with Biacore T200 evaluation software (GE Healthcare). Graphs were generated
with GraphPad Prism.
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Hydrogen-deuterium exchange (HDX) detected by mass spectrometry (MS)

Differential HDX-MS experiments were conducted as previously described with a

few modifications (56). The following sample-processing protocol was followed. Five
microliters of a 10 uM protein complex (GPR179) were diluted into 25 pl of protein storage
buffer, quenched by mixing with 25 pl of 3M urea and 1% trifluoroacetic acid. Each sample
was passed through an immobilized pepsin column, and the digested peptides were captured
on a C8 trap column and desalted. Peptides were separated across a C18 column with a
linear gradient of 4 to 40% CH3CN and 0.3% formic acid, with a gradient of 5 min for
HDX and 1 hour for tandem MS (MS/MS). Mass spectrometric data were acquired with

a Q Exactive mass spectrometer. Peptides were identified by MS/MS with an Orbitrap

mass spectrometer (Q Exactive, ThermoFisher). Product ion spectra were acquired in data-
dependent mode, with the top five most abundant ions selected for the product ion analysis
per scan event. The MS/MS data files were submitted to Mascot (Matrix Science) for
peptide identification. Peptides included in the HDX analysis peptide set had a MASCOT
score >20 and the MS/MS spectra were verified by manual inspection. The MASCOT search
was repeated against a decoy (reverse) sequence, and ambiguous identifications were ruled
out and not included in the HDX peptide set. For HDX-MS analysis, 10 uM GPR179 was
incubated with pikachurin at a 1:10 molar ratio for 1 hour at room temperature. Next, 5

ul of sample was diluted into 20 ul of D,0O buffer [20 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 2 mM DTT) and incubated for various times (0, 10, 60, 300, and 900 s) at 4°C.

The deuterium exchange was then slowed by mixing the sample with 25 ul of cold (4°C) 3
M urea and 1% trifluoroacetic acid. Quenched samples were immediately injected into the
HDX platform. Upon injection, samples were passed through an immobilized pepsin column
(2 mm x 2 cm) at a rate of 200 pl/min, and the digested peptides were captured on a 2

mm x 1 cm Cg trap column (Agilent) and desalted. Peptides were separated across a 2.1
mm X 5 cm Cyg column (1.9 pl of Hypersil Gold, ThermoFisher) with a linear gradient of

4 to 40% CH3CN and 0.3% formic acid, over 5 min. Sample handling, protein digestion,
and peptide separation were performed at 4°C. MS data were acquired with an Orbitrap
mass spectrometer (Exactive, ThermoFisher). HDX analyses were performed in triplicate,
with single preparations of each protein-ligand complex. The intensity-weighted mean

m/z centroid value of each peptide envelope was calculated and subsequently converted

into a percentage of deuterium incorporation. This was accomplished by determining the
observed averages of the undeuterated and fully deuterated spectra and using a conventional
formula described previously (57). Statistical significance for the differential HDX data was
determined by an unpaired #test for each time point, a procedure that is integrated into

the HDX Workbench software (58). Corrections for back exchange were made based on an
estimated 70% deuterium recovery and accounting for the known 80% deuterium content
of the deuterium exchange buffer. For data rendering, the HDX data from all overlapping
peptides were consolidated to individual amino acid values through a residue-averaging
approach. Briefly, for each residue, the deuterium incorporation values and peptide lengths
from all overlapping peptides were assembled. A weighting function was applied in which
shorter peptides were weighted more heavily and longer peptides were weighted less. Each
of the weighted deuterium incorporation values was then averaged to produce a single
value for each amino acid. The initial two residues of each peptide, as well as prolines,
were omitted from the calculations. This approach is similar to that previously described
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(59). HDX analyses were performed in triplicate, with single preparations of each purified
protein/complex. Statistical significance for the differential HDX data was determined by a ¢
test for each time point and was integrated into the HDX Workbench software (58).

Cell-based GAP assay

The assay performed to monitor the GAP activity of RGS7 was conducted as described
previously (60). Briefly, HEK293FT cells were seeded in a white, flat-bottom, 96-well
plate (Greiner Bio-One) at 50,000 cells/well and transiently transfected with pcDNA3.1(+)
plasmids encoding the dopamine D, receptor (cDNA Resource Center : #DRD0200001),
RGS7 (GenBank: AY587875), GBs (GenBank: NM_016194), Gaoa (cDNA Resource
Center : #GNAOOAO0000), GPR179 (Origene : #NM_001004334), as well as masGRK3ct-
Nluc, Venus-156-239-GB1, and Venus-1-155-Gy2 (synthesized by GenScript). Twenty-four
hours after transfection, the cells were washed with BRET buffer [Dulbecco’s phosphate-
buffered saline (PBS) containing 0.5 mM MgCl, and 0.1% glucose] and incubated for 5 min
at 37°C with the The NanoLuc (Nluc) substrate, furimazine (Promega: #N1110) according
to the manufacturer’s instructions with or without the pikachurinc-LG3/EGF3-LG3 protein.
To to activate or deactivate the D2 receptor, respectively, dopamine or haloperidol (100

UM each) were injected sequentially and automatically onto the cells by the plate reader
(PHERAstar FSX, BMG Labtech), and dual-luminescence were measured at 475 30

nm and 535 £30 nm. All measurements were performed at 37°C. The BRET signal was
determined by calculating the ratio of the light emitted by Venus-Gp1y2 (535 nm with a
30-nm band path width) to the light emitted by masGRK3ct-Nluc (475 nm with a 30-nm
band path width). The average baseline value (basal BRET ratio) recorded before agonist
treatment was subtracted from the experimental BRET signal values, and the resulting
difference (ABRET ratio) was normalized relative to the maximal ABRET value recorded
upon agonist treatment. The rate constant (1/z) of the deactivation phases was obtained by
fitting a single exponential decay curve to the traces with Graphpad Prism 9.0. No data
were excluded from the analysis. The resulting values were plotted and evaluated to detect
differences from the symmetric normal distribution, which was found not to be Gaussian.
The Kruskal-Wallis test was used to evaluate differences across treatments, which was
followed by Dunn’s test for post hoc analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Role of pikachurin in photoreceptor synapse organization and crystal structures of the
constituent domains of pikachurin.

(A) pikachurin forms a transsynaptic connection by interacting with the pre-synaptic
photoreceptor dystroglycan complex (DGC) and the post-synaptic receptor GPR179 at

the ON-bipolar cell (ON-BC). (B) pikachurin is composed of an N-terminal FN3 tandem
followed by three EGF-LG tandems (middle). Left: A cartoon representation of the crystal
structure of the N-terminal FN3 tandem is shown in green. The FN3 connecting loop
harboring the 31¢ helix and disulfide bridge provides rigidity to the bent FN3 tandem
assembly. Glycosylation at Asn?’ (N47) is shown with cyan-colored carbohydrate moieties.
Right: The crystal structure of the C-terminal LG3 domain is represented in orange.
Glycosylation and disulfide bridge sites are shown in cyan and blue, respectively. CT, C
terminus; NT, N terminus.
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Fig. 2. Cryo-EM structure of pikachurin complexed with GPR179.
(A) Cryo-EM map of a GPR179 homodimer complexed with the EGF3-LG3 of pikachurin.

GPR179 protomers are shown in cyan and green, whereas the pikachurin domains are
shown in orange and purple. (B) Focused refinement of the GPR179 ectodomains and the
pikachurin domains provides well-resolved density for the GPR179 dimeric Cache domain
and the LG3 domains. Regions with poor density were excluded from the final model.
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Fig. 3. Structural organization of the GPR179 ectodomain featuring the Cache domain.
(A) The GPR179 ectodomain is composed of an N-terminal domain, a Cache domain, and

a stalk region. Its dimeric assembly through the Cache domain is shown as a side view in
the cartoon representation. (B) GPR179 contains a central globular domain, a Cache domain
that is composed of six antiparallel p-sheets bordered by a-helices from the backside and

a B-hairpin in the lever loop. (C) Top view of Cache domain dimerization, which generates
a p-barrel-like shape that captures a-helices at the barrel pore. The p-hairpin fills the gap
between the two antiparallel p-sheets cores of the Cache domains at the dimeric interface
resembling the barrel fold. (D) The B-hairpin is also involved in the dimeric interface,
interacting with the a2 and B3 residues of another Cache domain (shown in cyan).
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Fig. 4. Mechanism of interaction between pikachurin and GPR179.
(A) Cartoon representation of overall interaction between the Cache domains of GPR179

and the LG3 domains of pikachurin, in which each Cache domain mainly targets one

LG3 domain, forming a tetrameric assembly. The glycosylation site at Asn®17 (N917, blue
sphere) is distant from the interaction interface. (B) Binding site | involves the lower leaflet
of the B-sandwich core of LG3, which passes perpendicularly over the a-helix a.2' and the
B-hairpin at the top of the Cache domain. Sites Il and 111 stabilize the binding at opposing
ends involving loop regions. (C) Maps of surface electrostatic potentials. The binding of
pikachurin generates a complementary electrostatic surface for favorable complex formation
with GPR179.
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Fig. 5. Analysis of the effects of CSNB-associated mutations on GPR179 structure.
(A) The mutations D126H and Y220C are found in the Cache domain of GPR179

(represented as sticks). Asp126 (D126, blue) is present in the a.2' helix, whereas Tyr220
(Y220) is located in the B3" pB-hairpin sheet and can participate in stabilization of GPR179
homodimeric assembly. (B) Tyr220 (Y220) can form a rt-m interaction with Tyr2>4 (Y254)
of the B5 strand and participate in hydrogen bonding with Arg2%0 (R200) of B3'.0 The
Y220C mutation would be expected to hamper these interactions, ultimately destabilizing
the dimeric interface involving the p-hairpin.
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