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Abstract

GPR158 is an orphan G-protein-coupled receptor (GPCR) highly expressed in the brain where 

it controls synapse formation and function. GPR158 has also been implicated in depression, 

carcinogenesis and cognition. However, the structural organization and signaling mechanisms 

of GPR158 are largely unknown. Here, we report structures of the human GPR158 alone and 

bound to an RGS signaling complex, determined using single-particle cryo-electron microscopy 

(cryoEM). The structures reveal a homodimeric organization stabilized by a pair of phospholipids 

and the presence of an extracellular Cache domain, an unusual ligand-binding domain in GPCRs.-. 

We further demonstrate the structural basis of GPR158 coupling to RGS7-Gβ5. Together, these 
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results provide insights into the unusual biology of orphan receptors and the formation of GPCR-

RGS complexes.

G protein-coupled receptors (GPCR) form the largest family of proteins encoded in 

mammalian genomes that detect extracellular signals to program cellular response. They 

are essential to understanding physiology, disease, and drug development (1, 2). The 

canonical model posits that GPCRs transduce their signals by recruitment and activation 

of heterotrimeric G proteins (3). This model was subsequently updated to accommodate 

alternative signal propagation by recruitment of β-arrestin scaffolds (4). Termination of 

GPCR signaling requires the action of Regulator of G protein Signaling (RGS) proteins that 

directly deactivate G proteins (5, 6). GPCRs and RGS are thus classically considered as 

opposing forces in controlling cellular responses. However, they have long been reported to 

form complexes suggesting existence of additional signaling mechanisms (7, 8).

Orphan GPCRs are attractive drug targets with important roles in physiology and disease 

(9, 10). Yet, in many cases, their mechanisms, ligands, and signaling reactions are poorly 

understood. An example is the orphan receptor GPR158. It is one of the most abundant 

GPCRs in the brain, well documented for its pivotal role in regulating mood, cognition 

and implicated in a range of diseases (11–15). It shapes synaptic organization and 

function by regulating ion channels and second messengers (16, 17). GPR158 features a 

large extracellular domain with distinctive sequence suggesting unique ligand recognition 

principles. Central feature of GPR158 is its association with the neuronal RGS protein: 

RGS7-Gβ5 complex (11). Binding with GPR158 potentiates RGS activity (18) and 

both proteins act together regulating homeostasis of second messenger cAMP to control 

neuronal activity with significant impact on brain physiology (19). However, its signaling 

mechanisms and structural organization remain elusive.

We employed single-particle cryogenic electron microscopy (cryoEM) to obtain structures 

of GPR158 in the apo state and in complex with RGS7-Gβ5 at an average resolution of 

3.4 Å and 3.3 Å, respectively (fig. S1, S2, S3 and table S1). The structure of GPR158 

reveals a homodimer assembly (Fig. 1A) where the dimerization interface involves the 

extracellular domain, the transmembrane (TM) region, and cytoplasmic elements (Fig. 1A 

and fig. 4A). Each protomer features prominent extracellular and transmembrane domains 

linked by a flexible ‘stalk’ domain. The N-terminal portion of the extracellular domain 

(ECD) adopts a characteristic Cache domain fold. The TM region of protomers contains 

well-resolved helices. We observed continuous density for TM1 through TM7 including all 

extra- and intracellular loops (ECLs and ICLs), except for ICL2. We further detected two 

phospholipids in the cavity generated by the dimeric interface and several cholesterol-like 

molecules packed against hydrophobic residues of the TM domain, including the dimeric 

interface. The density at the ECD is limited and many of the side chain densities are not 

visible. The overall B-factor and average side chain B-factor for ectodomain is high (>50 

Å) (fig. S4C), suggesting greater conformational flexibility of ECD. Nevertheless, the key 

organizational features of ECD are clearly distinguishable.

The structure of the GPR158 homodimer in complex with RGS7-Gβ5 shows that one 

RGS7-Gβ5 heterodimer interacts with two sites on GPR158 (Fig. 1B and fig. S4B). The 
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first interface is a two-helical bundle comprising a C-terminal helix (CT-CC) from each 

protomers. The second contact surface is at the dimer interface between 7TM regions of 

GPR158 protomers. We found that in RGS7 bound state, the density for the GPR158 

ectodomain becomes diffuse. Although the density is observable at low contour, the model 

could not be built. This higher conformational flexibility at the ectodomain, possibly 

induced by RGS7-Gβ5 binding, suggests that extracellular and intracellular elements of 

the complex could be allosterically connected. This notion is further supported by the 3D 

variability analysis that showed that ECD undulations coincide with RGS7-Gβ5 binding 

(movie S1 and S2). Along with that, GPR158 CT-CC and RGS domain of RGS7 shows 

higher B-factor, reflecting conformational dynamics at these regions (fig. S4D). Cross-

linking mass spectroscopy (XL-MS) confirmed the main contact points in the complex at the 

single amino acid level (fig. S5).

Detailed analysis of the 7TM domain of GPR158 reveals a compact dimeric interface (Fig. 

2A and Figure S6a). Superposition of the two protomer 7TM regions shows a similar 

arrangement of all the elements including extra- and intracellular loops with r.m.s.d. value 

of 0.35 Å (fig. S6B). Within each protomer, ECL2 C573 forms a disulfide bond with TM3 

C481, an interaction conserved throughout GPCRs. The β-hairpin of ECL2 interacts with 

the stalk-TM linker through hydrophobic interactions, bridging the ectodomain and TM 

domain of each protomer. ECL2 also interacts with ECL1 and TM3 hydrophobically and 

with ECL3 through polar interactions (Fig. 2B).

The dimer interface at the 7TM domain can be separated into two parts. The first is formed 

at the extracellular end by TM4, TM5 and ECL2 of each protomer. The helices assemble in 

an inverted V-shape, creating a cavity. The second interaction at the cytoplasmic end closes 

the cavity. (Fig. 2C and fig. S6C). This type of dimeric architecture has not been seen in 

other GPCRs, including class C receptors. (fig. S6D).

The extracellular portion of the TM interface formed by TM4, TM5, and ECL2 features 

a series of hydrophilic interactions and hydrophobic contacts (Fig. 2C). The cytoplasmic 

portion of the TM interface is formed by TM3 and ICL2 of both the protomers. The ICL2 

regions interact with each other and residues in TM3 form a basic patch that engages 

phospholipids (fig. S6, C and E). The polar contacts between Q516 across protomers also 

form the lid that covers the cavity from the intracellular end (II in Fig. 2C). The cavity 

formed at the dimer interface is further shielded at both intra- and extracellular ends by 

several cholesterol molecules from both the front and back sides (fig. S6A). The TM domain 

interaction with cholesterols may stabilize the dimeric interface.

We observed densities for two phospholipids at the cavity formed by the TM dimeric 

interface and performed mass-spectrometry to identify lipids co-purified with GPR158 

complex (fig. S6F). Although not exhaustive, this lipidomics analysis identified several 

phospholipid species, most notably Phosphatidylethanolamine (PE) and Phosphatidylinositol 

(PI). Both molecules are well accommodated into the respective cryoEM densities (Fig. 

2A and fig. S3). The phospholipids are arranged in the cavity in such a way that one 

hydrophobic tail of each lipid is inserted into the shallow hydrophobic pocket created by 

TM3, TM4 and TM5 stabilizing the dimer interface. The hydrophobic tails of PE and PI are 
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stacked against the side chains of bulky hydrophobic residues, and head groups occupy basic 

clusters at the interface. (fig. S6, G and H). Comparisons with other class C GPCR structures 

show both similarities and differences in 7TM organization (fig. S7).

Overall, the distinct dimeric arrangement of the TM domain that forms an extensive web 

of interactions, and the additional stability conferred by phospholipids and cholesterol 

molecules interactions make the TM dimeric interface more compact and unlikely to be 

compatible with G protein activation. Indeed, our functional studies of GPR158 show 

no constitutive activity in any of the G protein signaling assays (fig. S8). Furthermore, 

mutagenesis at the dimerization interface aimed at increasing the dynamics by mimicking 

substitutions that activate other class C GPCRs (20),(21) also failed to unlock the 

constitutive activity of GPR158 (fig. S8 and table S2). We conclude that the GPR158 7TM 

domain has an organization of the dimeric interface that locks it in a conformation that 

prevents constitutive G protein activation.

The ECDs of two protomers interact with each other side-by-side forming cross-subunit 

contacts. The ectodomain of each protomer is composed of the N-terminal α-helical region, 

a prominently folded central domain, and a C-terminal stalk region (Fig. 3A). Superposition 

of the two ECDs showed substantial structural similarity with an r.m.s.d. of 1.37 Å (fig. 

S9A). The largest portion of the GPR158 ectodomain comprising 412 amino acids lacks 

sequence similarity with ectodomains of other GPCRs. The GPR158 structure reveals 

a well-defined globular domain consisting of six antiparallel β-sheets flanked by two 

α-helices (Fig. 3B). A structural homology search revealed that it shares a similar fold 

to Cache (CAlcium channels and CHEmotaxis receptors) domains present in numerous 

proteins but not previously found in GPCRs. The β-sheets of the Cache domain are curved 

and form an amphipathic pocket analogous to a ligand-binding site in the Cache domains 

of other proteins (Fig. 3C ). The helices α1 and α2 assemble at the back of β-sheets 

core structure, stabilizing the cavity by hydrophobic interactions with β-sheets residues. 

The density for third helix, α3 at respective position is not well resolved to correctly 

interpret. The α3 likely capping the putative ligand-binding pocket from one side while 

being connected by flexible loops (β3α3 and α3β4) (Fig. 3B). The density surrounding the 

binding pocket is not uniformly resolved, likely reflecting its dynamic nature. It possibly 

becomes ordered upon ligand binding. The Cache domain of GPR158 has the highest 

structural homology with the ligand sensing extracellular Cache domains of the bacterial 

chemoreceptors and Histidine kinase receptors (fig. S9B).

The Cache domain is connected via NTD-Cache loop to the N-terminal domain (NTD) 

which has three helices. The NTD-Cache loop contains C99 that forms a disulfide bond 

with C272 of the Cache domain β4β5 loop. Interactions with the NTD-Cache loop and 

N-terminal region likely provide additional stability to the Cache domain.(fig. S9C). The 

C-terminus of the Cache domain is connected to the stalk region that contains flexible loops 

and has very weak density map. The stalk region is cysteine-rich, and its ten cysteines 

may engage in intradomain disulfide bridges (fig. S9D). A structurally similar cysteine-

rich domain (CRD) is found in class C GPCR suggesting that it likely plays a similar 

role in receptor activation (21, 22). Following the stalk region is a stalk-TM linker that 

hydrophobically interacts with ECL2 and connects to TM1 of the transmembrane domain.
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One of the most prominent features of the GPR158 ectodomain is the dimerization of the 

Cache domains which occurs through helices α1 and α2 of each Cache domain which 

cross at an angle to create a four-helix bundle at the dimer-interface (fig. S9E). The loops 

connecting helices α1 and α2 are also likely involved in inter-subunit interaction. The dimer 

interface is stabilized by an extensive network of hydrophobic and hydrophilic interactions, 

with a buried surface area of 2178.3 Å2 (fig. S9F).

The structure of the GPR158 homodimer bound to the RGS7-Gβ5 complex revealed several 

key insights into the RGS docking and regulation by GPCRs. Overall, we observed an 

asymmetric assembly involving two GPR158 protomers interacting with one RGS7-Gβ5 

complex (Fig. 1B). The two docking sites for RGS7-Gβ5 on GPR158 are both created by 

the dimerization of GPR158. Upon RGS7 binding to GPR158, the intracellular C-terminal 

helices of both GPR158 protomers, which were disordered in the GPR158-apo structure, 

stack into a coiled-coil configuration (CT-CC). The side chain densities are not well resolved 

for CT-CC residues and have high B-factor (fig. S4D). The CT-CC domain contributes a 

third contact point for the dimerization of GPR158 in the complex predicted to be held 

together mainly by hydrophobic contacts and stabilized by ionic and polar bonding (fig. 

S10, A to E). The contacts with GPR158 are made exclusively by RGS7 with no direct 

interactions involving Gβ5.

The primary binding site (site I) is formed by CT-CC (Fig. 4A) that potentially engages in 

an extensive web of hydrophobic and hydrophilic interactions with the RGS7 DEP-DHEX 

domain (fig. S10, F to H). One α-helix is engaged in the interactions with Eα1, Eα3, 

and Eα4 helices; Eα3Eα4 and DEP-DHEX loops, whereas the other α-helix interacts 

with Eα3 helix, Eα2Eα3, and DEP-DHEX loops. In addition, we observe insertion of the 

C-terminal loop in one of the GPR158 protomers with the pocket created by DEP Dα1 

and DHEX Eα4 helices, and β-hairpin loop (fig. S10H). The second docking site (site II) 

for RGS7-Gβ5 is provided by the intracellular portion of the 7TM dimerization interface. 

However, the contacts at this site are made only with one GPR158 protomer. The interaction 

involves TM3, TM5, and ICL3 of GPR158 7TM domain and Eα1, Eα2, Eα3 helices and 

Eα1Eα2 loop of DHEX domain (Fig. 4A). The interactions at this interface are mainly 

hydrophobic stabilized by hydrogen bonding at the periphery (fig. S10I). Comparison with 

the apo structure shows that RGS7-Gβ5 binding results in pulling the GPR158 protomers 

apart remodeling the interface to accommodate RGS7 (Fig. 4B).

The GPR158-RGS7 interactions at the second site are weaker than the binding to CT-

CC, likely transient in nature, and involve remodeling of both GPR158 and RGS7-Gβ5. 

Comparison of the apo GPR158 structure with the structure of the GPR158-RGS7-Gβ5 

complex reveals re-arrangement of the cytoplasmic end of TM3 and ICL2 of one 7TM, 

shifting inward towards its 7TM core upon RGS7 binding. This is accompanied by 

destabilization of the TM3 C-terminus and ICL2 at the other 7TM protomer affecting the 

7TM dimerization interface (Fig. 4B). Comparison of the apo RGS7-Gβ5 crystal structure 

(23) with the complex structure also shows substantial re-organization of the RGS7 DEP-

DHEX domain upon binding to GPR158 (Fig. 4C). Most prominently, the dynamic loop 

Eα1Eα2 moves upward and is stabilized by interacting with TM3, TM5 and ICL3. Along 

with this, DHEX helices Eα1, Eα2, and Eα3 moved upward to interact with the TM domain 
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and the DEP-DHEX loops move upward to interact with GPR158 CT. The β-hairpin loop 

of RGS7 moves upward so that its hydrophobic tip is inserted into the membrane allowing 

Dα2 helix rearrangement in the DEP domain (Fig. 4B). These rearrangements collectively 

generate favorable complementary electrostatic surfaces on the GPR158-RGS7 interface. 

This likely serves to orient RGS7-Gβ5 complex toward the membrane (fig. S10, J and K).

RGS7 recruitment is reminiscent of GPCR interactions with signal transducers. Indeed, the 

RGS binding surface on GPR158 substantially overlaps with the GPCR surface that binds 

heterotrimeric G proteins and β-arrestin (fig. S11, A and B). Our modeling using structures 

of Gα complexes with diverse GPCRs shows that the RGS7 DHEX domain occludes the 

G protein binding site from the TM3 and TM5 side where the α5 helix of Gα inserts into 

7TM central cavity and creates steric clashes with the Ras domain of Gα subunits (fig. 

S11, C to E). Thus, recruitment of RGS7-Gβ5 would preclude GPR158 from productively 

interacting with G proteins, supporting lack of G protein activation (fig. S8). We further 

detect bidirectional allosteric effects resulting from the GPR158-RGS7 binding similar to 

what is observed upon GPCR-Gα interaction. These include inward shift of the cytoplasmic 

end of TM3, as seen in the GABAB-Gi structure and modulation of the ligand-binding 

ectodomain upon RGS7 binding. The interaction of GPR158 with RGS7-Gβ5 complex 

is quite distinct and mutagenesis at the GPR158 dimerization interface that constutitvely 

activate class C GPCRs failed to change RGS activity in the absence of a ligand (fig. S12).

To further investigate conformational dynamics resulting from RGS7-Gβ5 recruitment to 

GPR158 we performed biochemical experiments. First, we studied the impact of binding 

to a synthetic C-terminal peptide that comprises the CT-CC module by gel filtration. 

Complexing with this peptide was sufficient to induce a large change in hydrodynamic 

behavior of the RGS7-Gβ5 complex consistent with substantial conformational changes in 

RGS7-Gβ5 upon binding to GPR158 (fig. S13A). We further refined these investigations 

using HDX-MS which showed that the C-terminal peptide induced significant changes in 

solvent accessibility within the DEP-DHEX domain, specifically in Dα1, Eα3 and Eα4 

helices, β-hairpin, Eα3Eα4 and DEP-DHEX loops of RGS7 (fig. S13, B to D).

In this work, we present high-resolution structures of an unusual receptor assembly that 

involves an orphan GPCR complexed with a signaling regulator- RGS protein. The RGS 

protein binds the same elements that GPCRs use for engaging their signal transducers: G 

proteins and β-arrestins. In the present structure we observe constitutive engagement of 

RGS7/Gβ5 complex by GPR158 in the absence of a G protein. We speculate that binding 

of a ligand to the extracellular ECD would activate GPR158 rearranging of the cytoplasmic 

domains that engage RGS to alter its activity. Given that RGS binding precludes GPR158 

from canonical activation of G proteins, one can describe it as an RGS-coupled receptor.

In addition to providing information on the GPCR-RGS structure we show the role of two 

phospholipids in organizing the dimerization interface of GPCRs. These lipids staple the 

protomers and provide intriguing possibilities for GPCR modulation. We also identify a 

Cache domain raising the possibility that GPR158 detects a small molecule ligand that could 

regulate of the RGS module, an avenue to be explored in future studies. In conclusion, we 

hope our findings will spur further progress in understading the regulatory and signaling 
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mechanisms of GPR158 by facilitating the structure-based discovery of its ligands and 

by guiding exploration of GPR158-mediated control of RGS proteins in the endogenous 

neuronal setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CryoEM structures of GPR158 in its apo and RGS7-Gβ5 bound states.
(A) CryoEM map (left) and model (right) of GPR158 homodimer in ribbon representation 

with protomers colored in cyan and pink. Phospholipids PE and PI, and cholesterols are 

shown in green, blue, and yellow colors, respectively. (B) CryoEM map (left) and model 

(right) of GPR158 homodimer complexed with RGS7-Gβ5 in ribbon representation colored 

as (A) and RGS7 and Gβ5 are shown in deep-olive and brown color.
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Fig. 2. Organization of GPR158 transmembrane domain and its homodimer interface.
(A) Overall arrangement of the 7TM region of GPR158 protomers is shown as side and top 

view. Phospholipids PE and PI are identified at the cavity formed by TM dimeric interface 

are shown in spheres representation. 7TM protomers and phospholipids are colored as Fig.1. 

(B) Close-up view of the extracellular loop region. ECL2 caps the extracellular pocket 

by interacting with TM3, ECL1, and ECL3 residues. ECL2 C573 preserves the conserved 

disulfide bond with TM3 C481. ECL2 is also stabilized by interaction with a stalk-TM 

linker that connects ectodomain with 7TM. (C) The 7TM dimer interface is formed at two 

sites (I and II), the extra- and intracellular side. Direct contacts at the extracellular side 

are formed by TM4, TM5, and ECL2 of both protomers, and contacts are shown in the 

right panels. Intracellular side interface is formed by TM3 and ICL2 of both protomers and 

contacts formed by ICL2 are shown in the right panel.
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Figure 3. A unique organization of the GPR158 ectodomain featuring the Cache domain.
(A) Side view of GPR158 ectodomain consisting of N-terminal domain (NTD), Cache 

domain, and stalk region. The GPR158 ectodomain forms a dimeric interface with the 

Cache domain. (B) The Cache domain is composed of six antiparallel β-sheets flanked by 

α-helices. The density for α3 helix is not well resolved and is represented as dotted cylinder 

at respective position. The missing flexible loops in the model are shown in dotted lines. 

(C) Cache domain putative ligand-binding pocket. The curved sheets form a putative ligand-

binding pocket (dotted oval), equivalent to the prokaryotes extracellular Cache domain 
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ligand binding site, generates an amphipathic environment. The putative ligand interacting 

residues shown in brown color. However, densities for the most side chains of pocket 

residues are not well resolved and have high B-factor. The putative ligand binding pocket is 

possibly capped by dynamic α3 helix from one side.
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Figure 4. Mechanism of GPR158 interaction with RGS7.
(A) RGS7 forms two distinct binding sites (I and II) on GPR158, both created by the 

dimerization of GPR158. The first binding interface is formed between GPR158 CT-CC and 

RGS7 DEP-DHEX domain. The second interface is formed by GPR158 7TM and RGS7 

DHEX domain. In addition, β-hairpin loop of RGS7 is inserted into the membrane (shown 

as III) and could facilitate the orientation of RGS7 towards the membrane. (B and C) 

Conformational rearrangement on GPR158 TM dimeric interface and RGS7 upon complex 

formation. The TM3 of one protomer shifts toward the 7TM core while dissociating it from 

another protomer to accommodate RGS7 at the interface (B). Large conformation shift at 

Eα1Eα2 loop of RGS7 DHEX domain along with rearrangement of β-hairpin loop and 

helices that shifted up towards the membrane (C).
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