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Structural Insights into Orphan G Protein-Coupled Receptors:  

A Focus on GPR161 and Proton-Sensing GPCRs  

 

Nicholas Hoppe 

 

Abstract 

This thesis presents a comprehensive investigation into the structure and function of four orphan 

G protein-coupled receptors (GPCRs), GPR161 and the proton-sensing GPCRs, GPR4, GPR65, 

and GPR68. Orphan GPCRs, which lack known endogenous ligands, represent a challenging yet 

promising frontier in human biology and health due to their potential as novel therapeutic targets. 

 

The first part of my thesis presents the structure-based deorphanization of GPR161, an orphan 

receptor involved in the Hedgehog signaling pathway. In this study, I and others study the 

activation mechanism of GPR161 to show a dual mode of activation that depends on both a self-

interaction for stability and an allosteric cholesterol. While these features explain the cAMP 

signaling properties of GPR161, they unexpectedly did not explain the activity of GPR161 in the 

Hedgehog pathway. Our findings highlight the nuanced biology behind GPR161, and potentially 

other orphans, that cannot be known until a ligand is identified.  

 

The second part of the thesis describes the activation mechanism for the proton-sensing GPCRs, 

GPR4, GPR65, and GPR68. Despite their physiological importance, the mechanism by which 

these receptors sense protons and transduce this signal into a cellular response has remained 

elusive. Our work identifies a distributed network of residues across the extracellular half of these 
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receptors that contribute to activation, providing a new framework for understanding proton-

sensing membrane proteins. 

 

Collectively, these studies provide insights into the activation mechanisms of these GPCRs and 

pave the way for the development of novel modulators targeting these receptors. In addition to the 

specific scientific findings for these receptors, I hope these biochemical and biophysical techniques 

are applied to other orphan GPCRs so that their biology and therapeutic potential is realized.  
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Introduction 

 

G protein-coupled receptors (GPCRs) constitute the largest family of membrane proteins in the 

human genome, playing pivotal roles across human physiology. Over one hundred of these 

receptors, lack known endogenous ligands and are known as orphan GPCRs. Orphan GPCRs 

present a significant challenge and huge opportunity in the field of drug discovery. Given their 

roles in various physiological processes and their accessibility on the cell surface, GPCRs are 

among the most successful drug targets. Deorphanizing GPCRs can lead to the development of 

novel therapeutics for a variety of diseases and understanding the function of orphan GPCRs sheds 

light on fundamental biological processes. My research at the University of California – San 

Francisco has focused on interrogating orphan GPCRs with biophysical methods, and my thesis 

focuses on my structural characterization of four orphan GPCRs, specifically GPR161 and the 

proton-sensing GPCRs, GPR4, GPR65, and GPR68.  

 

Since the discovery that the β2 adrenergic receptor and opsins share a seven-transmembrane 

topology, GPCRs without known ligands have been a focal point of intense scientific research due 

to their potential as therapeutic targets1. This simple but profound observation enabled the 

development of two effective approaches to identify endogenous ligands for orphan GPCRs, 

known as deorphanization. First is expression cloning where a library of DNA sequences is 

iteratively selected for activity to a specific ligand 2. Here the target ligand is known, but the 

potential orphan receptor is not. Second is reverse pharmacology, which works in the opposite 

direction. In reverse pharmacology, the orphan receptor is known and ligands, either from a high-

throughput library or from tissue extracts, are screened for activity3. These methods have led to 
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numerous and important receptor-ligand pairings, including glucagon-like peptide-1, ghrelin, 

thyrotropin, and orexin4–6. These successes underscore the potential of orphan GPCRs as gateways 

to uncharted biological pathways and therapeutic possibilities. 

 

Despite their promise, many GPCRs remain orphan because the availability of ligands is 

foundational to studying GPCRs, and the historical deorphanization methods, which depend on 

cell-based activity assays, may be exhausted7. In my research, I sought to apply advances in GPCR 

biophysics, including cryo-electron microscopy (cryo-EM) and native mass spectrometry, to open 

new avenues into studying orphan GPCRs. This as a challenging endeavor that opened more 

questions and possibilities than it answered. What follows are two mechanistic findings from my 

cryo-EM research on orphan GPCRs, and I am excited to see what future discoveries come for 

Orphan GPCRs, both from the Manglik Lab and the broader GPCR community.   
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1.1 Abstract 

The orphan G protein-coupled receptor (GPCR) GPR161 is enriched in primary cilia, where it 

plays a central role in suppressing Hedgehog signaling1. GPR161 mutations lead to developmental 

defects and cancers2,3,4. The fundamental basis of how GPR161 is activated, including potential 

endogenous activators and pathway-relevant signal transducers, remains unclear. To elucidate 

GPR161 function, we determined a cryogenic-electron microscopy structure of active GPR161 

bound to the heterotrimeric G protein complex Gs. This structure revealed an extracellular loop 2 

that occupies the canonical GPCR orthosteric ligand pocket. Furthermore, we identify a sterol that 

binds to a conserved extrahelical site adjacent to transmembrane helices 6 and 7 and stabilizes a 

GPR161 conformation required for Gs coupling. Mutations that prevent sterol binding to GPR161 

suppress cAMP pathway activation. Surprisingly, these mutants retain the ability to suppress GLI2 

transcription factor accumulation in cilia, a key function of ciliary GPR161 in Hedgehog pathway 

suppression. By contrast, a protein kinase A-binding site in the GPR161 C-terminus is critical in 

suppressing GLI2 ciliary accumulation. Our work highlights how unique structural features of 

GPR161 interface with the Hedgehog pathway and sets a foundation to understand the broader 

role of GPR161 function in other signaling pathways. 

 

1.2 Introduction 

Orphan G protein-coupled receptors (GPCRs) coordinate diverse signaling pathways to control 

many aspects of human physiology5. The orphan GPCR GPR161 has been characterized as a 

unique example of a constitutively active receptor that is located within the primary cilium of cells, 

an organelle that protrudes from the cell surface and locally organizes signaling components1. In 

its best understood signaling role, GPR161 is a critical negative regulator of the Hedgehog 
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pathway1. Knockout of Gpr161 in mice is embryonically lethal, and the embryos display severe 

limb, facial, and early nervous system defects indicative of hyperactive Hedgehog signaling13–17. 

GPR161 mutations in humans lead to developmental defects such as spina bifida2,11,12, pituitary 

stalk interruption syndrome20, and cancers such as medulloblastoma10,14. Overexpression of 

GPR161 has been linked to triple-negative breast cancer4. Like many other orphan GPCRs, 

however, fundamental mechanisms of GPR161 function remain unknown14, including what 

stimulus gives rise to GPR161 constitutive activity and how signaling activity downstream of 

GPR161 impinges on its biological function.  

 

The primary function of GPR161 has been framed by its discovery as a Hedgehog pathway 

regulator1. Hedgehog signaling during vertebrate embryogenesis mediates multicellular 

development, including the proper formation of limbs, the face, and the nervous system15. In the 

presence of the Hedgehog signal, GLI2/3 transcriptional factors accumulate in the primary cilia 

and form activators (GLI-A)16. In the absence of the Hedgehog signal, GLI2/3 are constitutively 

phosphorylated by protein kinase A (PKA), which leads to proteolytic conversion of these proteins 

into Hedgehog pathway repressors (GLI-R). Because PKA is canonically activated by the GPCR 

second messenger cyclic adenosine monophosphate (cAMP), current models propose that elevated 

ciliary cAMP levels activate PKA to suppress the Hedgehog pathway17. Although many GPCRs 

localize to the primary cilium18,19, several observations have placed GPR161 as a unique Hedgehog 

pathway regulator. Loss of GPR161 function in mice and in fish causes phenotypes consistent with 

inappropriate Hedgehog pathway activation13–17,20. GPR161 functions both inside cilia and in the 

peri-ciliary endosomal compartments in regulating these phenotypes1,6. Furthermore, GPR161 is 

constitutively active in model cell lines and drives elevated cAMP via activation of Gs1,6,20–22,23,24. 
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Upon Hedgehog pathway activation, GPR161 exits cilia by internalizing to the recycling endocytic 

compartment1,21. Finally, the C-terminus of GPR161 binds specifically PKA type I regulatory 

subunits through an A-kinase anchoring protein domain (AKAP), a unique feature of GPR161 

among hundreds of GPCRs25. GPR161 is therefore thought to repress Hedgehog signaling by 

constitutive coupling to Gs, which elevates cAMP levels to drive PKA activity (Fig. 1.1a).  

 

Several fundamental aspects of GPR161 function remain unclear - in particular, the potential 

stimulus that drives GPR161 activity remains unknown. The interdependent roles of Gs coupling 

and PKA binding, and their relative importance in Hedgehog signaling is also poorly defined. Here 

we use a combination of cryogenic-electron microscopy (cryo-EM), signaling studies, molecular 

dynamics simulations, and biochemical assays to determine the molecular mechanism of GPR161 

activation and Hedgehog pathway repression. Our studies reveal that GPR161-induced Gs 

signaling is driven by a novel sterol-binding site. However, this signaling activity does not repress 

GLI2 ciliary accumulation, a key role of ciliary GPR161 in Hedgehog pathway repression. By 

contrast, the AKAP domain in GPR161 is necessary for repressing GLI2 accumulation in cilia. 

Together, these findings provide an activation mechanism for GPR161 and support PKA as a 

central downstream ciliary regulator of the Hedgehog pathway.  

 

1.3 Results 

Cryo-EM structure of active GPR161 bound to Gs heterotrimer 

GPR161 is one of the most constitutively active GPCRs tested in the β-arrestin PRESTO-Tango 

assay22, which uses nonciliated HEK293 cells (Fig. 1.1b). We reasoned that purification of 

GPR161 from HEK293 cells may allow us to determine a structure of the active signaling state 
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and may reveal potential stimuli for GPR161. Preparations of GPR161 in the absence of a signal 

transducer were of poor quality, suggesting that GPR161 alone may be structurally dynamic or 

otherwise unstable. To stabilize GPR161 in the active state and simultaneously increase the 

likelihood that the receptor would co-purify with an activating stimulus26, we C-terminally fused 

the receptor to a minimal version of the Gαs protein. This minimized “miniGs” construct retains 

the receptor-interacting GTPase domain of the Gαs subunit but is engineered to interact with a 

GPCR in the absence of a guanine nucleotide27. We purified GPR161-miniGs to homogeneity, 

further complexed it with other heterotrimeric G protein subunits Gβ1 and Gγ2 as well as 

nanobody 35 (Nb35) to stabilize the interaction between Gαs and Gβ1γ2 (Fig. 1.6)35. The 

resulting complex was imaged by cryogenic-electron microscopy to yield a reconstruction of the 

GPR161-Gs complex at 2.7 Å resolution (Fig. 1.1c,d and Fig. 1.7) and enabled model building 

for the seven transmembrane domain of GPR161, the Gs subunits, Nb35, and, most notably, a 

sterol-like molecule (Fig. 1.1c,d and Fig. 1.8). 

 

Our structure of the GPR161-Gs complex is similar to many other activated Class A GPCRs 

bound to heterotrimeric G proteins, like the prototypical β2-adrenergic receptor (β2AR) (Fig. 

1.9a). A key hallmark of Class A GPCR activation is outward displacement of transmembrane 

helix 6 (TM6) to accommodate the C-terminal α-helix of Gα subunit36. While we do not have an 

inactive structure of GPR161 for comparison, the conformation of TM6 in GPR161 bound to Gs 

is similar to the outward displaced conformation observed for β2AR (Fig. 1.9a). We conclude 

that our structure of GPR161-Gs captures the Gs coupled, active conformation of the receptor. 
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GPR161 extracellular loop 2 is self-activating 

The structure of active GPR161 revealed a unique conformation of extracellular loop 2 (ECL2) 

compared to the majority of ligand-activated Class A GPCRs. Notably, the ECL2 of GPR161 

forms a beta hairpin that folds over the extracellular face of the receptor to completely occlude 

the canonical orthosteric ligand binding pocket observed for many other Class A GPCRs (Fig. 

1.1c,d and Fig. 1.2a). The comparison to β2AR, for example, highlights that the GPR161 ECL2 

occupies the same space that adrenaline occupies in β2AR (Fig. 1.2b). The conformation of 

ECL2 in GPR161 is reminiscent of the orphan GPCR GPR52, which contains an ECL2 that also 

occludes the extracellular face of the receptor (Fig. 1.2b)37. In GPR52, ECL2 serves as a key 

determinant of constitutive activity - in effect, GPR52 is “self-activated” by ECL2. Indeed 

structures of several other orphan GPCRs, including GPR21 and GPR17 have recently revealed 

similar conformations of ECL2 associated with self-activation (Fig. 1.9b)38,39. 

 

To first verify the constitutive activity of GPR161, we used two different cellular assays: 

GloSensor assay to assess cAMP production and a miniGs recruitment assay40 using an 

optimized NanoLuciferase fragment complementation termed “NanoBiT”41.  Expression of 

GPR161 in suspension adapted HEK293 cells gave consistently high levels of cAMP under basal 

conditions relative to empty vector and β2AR (13 and 8 fold, respectively) (Fig. 1.2c and Fig. 

1.10). However, GPR161 produced markedly less cAMP than GPR52 (Fig. 1.2c), perhaps 

highlighting that self-interaction of ECL2 is not sufficient to drive high basal activity. In a 

miniGs protein fragment complementation assay, GPR161 basally recruited more miniGs than 

β2AR, with levels that are more similar to GPR52 (Fig. 1.2d). The results from these two 
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orthogonal assays demonstrate that GPR161 is constitutively active, albeit to a lesser extent than 

the self-activating orphan receptor GPR52. 

 

Inspired by the example of GPR52, we examined the possible role of ECL2 in GPR161 

activation. Several hydrophobic residues of the GPR161 ECL2 protrude into a region that 

overlaps with the canonical orthosteric pocket in other Class A GPCRs (Fig. 1.2a). We targeted 

several of these (M177ECL2, V179ECL2, W182ECL2) for mutagenesis experiments to understand 

whether the conformation of ECL2 in GPR161 is important for constitutive activity. We 

substituted each of these positions with either alanine (to test for simple loss of the side chain) or 

arginine (to introduce a large perturbation in local hydrophobic contacts). We also examined a 

W182GECL2 mutant, which has previously been associated with rare cases of spina bifida, a 

neural tube developmental defect42. Mutation of these hydrophobic residues in ECL2 to either 

alanine or arginine caused a near complete loss of cAMP generation by GPR161, suggesting that 

the in cis interaction with ECL2 is essential for GPR161 activation (Fig. 1.2e). To explore the 

possibility that the GPR161 ECL2 may be more dynamic in the absence of miniGs, we 

performed molecular dynamics simulations of GPR161 without miniGs. In six simulations, we 

observed that ECL2 remains stably in a similar conformation as observed in the cryo-EM 

structure (Fig. 1.2f,g and Fig. 1.13b). We therefore surmise that ECL2 contributes to self-

activation of GPR161. 

 

A sterol facilitates GPR161 coupling to Gs 

A surprising finding in the cryo-EM map of GPR161-Gs is the presence of a sterol-like density 

located at an extrahelical site near the cytoplasmic ends of transmembrane helices 6 and 7 (TM6 
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and TM7). Although the exact identity of this sterol is unclear, we tentatively modeled a 

cholesterol molecule in this density. We next sought to understand whether sterols engage this 

site and whether sterol binding at this site leads to signaling output for GPR161. Given the 

importance of sterols in metazoan Hedgehog pathway signaling43–45, we first examined whether 

residues surrounding the putative sterol are conserved in evolution. Several key interacting 

residues (I3237.52, W3277.56 and R3328.51) are conserved from humans to the echinoderm 

Strongylocentrotus purpuratus (Fig. 1.3b and Supplementary Fig. 1.11b).  

 

To determine whether the observed density is indeed a sterol, we performed photoaffinity 

labeling experiments with purified GPR161-miniGs and two cholesterol analogs: LKM38 and 

KK231. These sterol analogs contain an ultraviolet light activated diazirine group, either on the 

B-ring of the steroid (LKM38) or the aliphatic tail (KK231), that rapidly forms covalent adducts 

with proximal residues. Previous studies have demonstrated that these sterol photoaffinity 

analogs enable identification of functionally-relevant sterol binding sites in diverse membrane 

proteins46–49. After photoaffinity labeling GPR161-miniGs, adducted residues were identified by 

tryptic digestion followed by LC-MS/MS sequencing of the resultant peptides. We obtained 76% 

sequence coverage of GPR161, with full residue-level sequencing of six of the seven 

transmembrane helices (Fig. 1.12b). Consistent with our binding pose for cholesterol, the 

diazirine group in the B ring of LKM38 labeled K2676.32 in TM6 while the similar functional 

group in the tail of KK231 labeled residue C3197.48 in TM7 (Fig. 1.3c,d and Fig. 1.12a). To 

determine whether the observed photolabeling is specific, we repeated this experiment in the 

presence of a 33-fold molar excess of unlabeled cholesterol. For both LKM38 and KK231 the 
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presence of unlabeled cholesterol completely suppressed photoaffinity labeling, suggesting that 

cholesterol itself can bind at this site (Fig. 1.3e). 

 

We next sought to understand whether cholesterol binding promotes interactions between 

GPR161 and Gs. In the absence of an inactive-state structure of GPR161, we turned to molecular 

dynamics simulations to assess whether the presence of Gs is required for stable cholesterol 

binding (Fig. 1.4a,b and Fig. 1.13a). We simulated GPR161 either restrained to remain in the 

miniGs conformation on the intracellular side or without any restraints. Each condition was 

simulated with six replicate simulations, each 1 µs in length. When GPR161 is restrained in the 

miniGs bound conformation, 5 of 6 simulations showed stable cholesterol association with 

W3277.56 (Fig. 1.13d). By contrast, in the absence of any restraints, W3277.56 flipped inward into 

the seven transmembrane core of GPR161, thereby removing a key contact for cholesterol at the 

extrahelical binding site. Additionally, this rotamer of W3277.56 would occlude binding of the C-

terminal α-helix of Gs (Fig. 1.13e). Indeed, in 5 of 6 simulations of unrestrained GPR161, we 

observed that cholesterol rapidly disengages the extrahelical binding site and remains unbound 

for the remainder of the simulation (Fig. 1.13c). GPR161 did not transition to an inactive-like 

conformation in unrestrained simulations. These simulations therefore suggested that cholesterol 

binding to GPR161 at the TM6/TM7 extrahelical site is cooperative with Gs binding. 

 

If cholesterol potentiates Gs binding, we predicted that disrupting the cholesterol binding site 

would both decrease cholesterol binding and may decrease cAMP production downstream of 

GPR161-induced Gs activation. Closer examination of the conserved residues in the sterol site 

highlighted that I3237.52 interacts with the iso-octyl tail of cholesterol, W3277.56 binds cholesterol 
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central rings, and R3328.51 engages the hydroxyl group (Fig. 1.4c). We generated a GPR161-

miniGs construct substituting alanine at these conserved positions (GPR161-AAA7.52, 7.56, 8.51-

miniGs) and tested the ability of purified receptor preparations to bind 3H-cholesterol using a 

scintillation proximity assay (Fig. 1.4d). In this assay, GPR161-AAA7.52, 7.56, 8.51-miniGs bound 

cholesterol less than as compared with GPR161-miniGs. We observe some residual binding of 

3H-cholesterol to GPR161-AAA7.52, 7.56, 8.51-miniGs, suggesting that I3237.52, W3277.56 and 

R3328.51 help mediate the sterol interaction. Residual binding of 3H-cholesterol may reflect 

GPR161-AAA7.52, 7.56, 8.51-miniGs being trapped by miniGs in the Gs-interacting conformation. 

Our attempts to conduct this binding experiment with GPR161 alone was limited by the inability 

to purify the receptor in the absence of miniGs. Supporting the importance of the sterol binding 

site, alanine mutation of W3277.56 and R3328.51 showed decreased cAMP production in a 

GloSensor assay compared to wild-type, while the GPR161-AAA7.52, 7.56, 8.51 mutant ablates 

cAMP production (Fig. 1.4e). Importantly the GPR161-AAA7.52, 7.56, 8.51 mutant showed even 

lower levels of cAMP production compared to V129E3.54, a mutant previously designed to 

directly disrupt the predicted GPR161-Gs interaction38. Similarly, GPR161-AAA7.52, 7.56, 8.51 

mutant did not recruit miniGs in a NanoLuciferase complementation assay40 (Fig. 1.5d) while 

GPR161-V129E showed a more moderate decrease in miniGs recruitment (Fig. 1.14d). Our 

combined biochemical, simulation, and signaling studies show that cholesterol, and potentially 

other sterols, can bind GPR161 to support interactions with Gs, thereby promoting cAMP 

production. 
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GPR161 induced cAMP is dispensable for repression of GLI2 ciliary accumulation 

We next aimed to understand how activation of GPR161 leads to Hedgehog pathway repression 

in cilia. Upon Hedgehog pathway activation, GLI2 proteins accumulate at the tips of cilia50–52. 

We previously showed removal of GPR161 from cilia, either as a Gpr161 gene knockout or from 

disruption of GPR161 trafficking to cilia results in accumulation of GLI2 in ciliary tips of resting 

cells6. We therefore used GLI2 ciliary accumulation as a sensitive test for GPR161 function in 

this cellular compartment.  

 

GPR161 localizes to primary cilia in ciliated NIH 3T3 cells in the basal condition, assessed by 

co-localization with the ciliary markers acetylated tubulin (AcTub) and pericentrin (PCNT). 

Concordant with Hedgehog pathway inhibition, GLI2 does not accumulate in the primary cilium 

in the basal condition (DMSO treatment). Addition of the small molecule Hedgehog pathway 

agonist SAG leads to exit of GPR161 from cilia and accumulation of GLI2 in the ciliary tip (Fig. 

1.5a). In Gpr161-/- NIH 3T3 cells, GLI2 accumulates in the ciliary tip in the basal condition and 

addition of SAG does not further increase ciliary GLI2 levels; this phenotype is consistent with 

loss of ciliary Hedgehog pathway repression by GPR161. Expression of wild-type GPR161 in 

Gpr161-/- NIH 3T3 cells rescues repression of Hedgehog pathway in cilia, as indicated by a low 

level of GLI2 positive cilia in the basal condition. 

 

We first examined whether GPR161 ECL2 mutants, which are defective for cAMP production, 

can rescue GLI2 ciliary suppression. Here, we found that ECL2 mutants of GPR161 failed to 

accumulate in the primary cilium, suggesting that these mutants are either defective in biogenesis 
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or are impaired in normal trafficking to the primary cilium (Fig. 1.14b). Consistent with a lack of 

GPR161 localization in cilia, GPR161 ECL2 mutants also failed to suppress GLI2 in ciliary tips. 

 

We next turned to the GPR161-AAA7.52, 7.56, 8.51 and GPR161-V129E3.54 mutants to understand 

whether cholesterol-dependent Gs activation is important for GPR161 repression of the 

Hedgehog pathway in cilia. Unlike the ECL2 mutants, GPR161-AAA7.52, 7.56, 8.51 and GPR161-

V129E3.54 expressed in Gpr161-/- NIH 3T3 cells showed robust ciliary localization similar to 

wild-type GPR161 (Fig. 1.5a and Fig. 1.14a,b). Like wild-type GPR161, activation of the 

Hedgehog pathway by SAG led to exit of GPR161-AAA7.52, 7.56, 8.51 from the primary cilium. By 

contrast, GPR161-V129E3.54 did not exit cilia upon Hedgehog pathway activation (Fig. 1.14a,b). 

Our prior studies with GPR161-V129E3.54 suggested that this mutant reduced cAMP production1; 

we found here that GPR161-V129E3.54 did not suppress ciliary GLI2 when expressed in Gpr161-

/- NIH 3T3 cells (Fig. 1.14a,c). However, the inability of GPR161-V129E3.54 to exit cilia, 

combined with residual interaction with miniGs, suggests that this mutation may have 

consequences beyond decreased cAMP production. Surprisingly, expression of the GPR161-

AAA7.52, 7.56, 8.51 mutant suppressed GLI2 accumulation, consistent with repression of the 

Hedgehog pathway in the basal state (Fig. 1.5a,b). This unexpected result suggests that a Gs 

signaling-independent function of GPR161 is the predominant mediator for GLI repression in 

cilia in NIH 3T3 cells. 

 

GPR161 is unique among many GPCRs in that it contains a PKA-binding AKAP domain. 

Previous studies have identified an amphipathic helix in the C-terminus of GPR161 that directly 

binds PKA regulatory subunits type I (RI)38; introduction of a single point mutant, L465PC-term, 
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breaks this amphipathic helix and prevents PKA type I holoenzyme binding. Compared to the 

sterol-binding site, this PKA-binding site in GPR161 is less well conserved (Fig. 1.11b). We 

assessed whether disruption of PKA binding by GPR161 influences Hedgehog pathway 

repression. In HEK293 cells, expression of GPR161-L465PC-term led to constitutive cAMP 

production, albeit to a lesser extent than wild-type GPR161 (Fig. 1.5c). Indeed, GPR161-

L465PC-term robustly recruited miniGs in a NanoLuciferase fragment complementation assay40 

(Fig. 1.5d), indicating that this mutation does not influence GPR161 interactions with Gs. 

Consistent with previous reports, GPR161-L465PC-term recruited less PKA-RI than wild-type 

GPR161 (Fig. 1.5e). By contrast, the cAMP deficient mutants GPR161-AAA7.52, 7.56, 8.51 and 

GPR161-V129E3.54 recruited PKA-RI, albeit to slightly lower levels than the wild-type GPR161 

(Fig. 1.5e and Fig. 1.14e).  

 

Having validated that GPR161-L465PC-term attenuates interaction with PKA-RI, we tested whether 

this mutant represses the ciliary Hedgehog pathway in Gpr161-/- NIH 3T3 cells. We validated that 

GPR161-L465PC-term was located in primary cilia in the basal condition (Fig. 1.5a). Like wild-type 

GPR161, GPR161-L465PC-term exited cilia upon activation of the Hedgehog pathway by SAG (Fig. 

1.5a and Fig. 1.14b). However, GPR161-L465PC-term was unable to repress GLI2 localization to the 

ciliary tip in the basal condition, indicating that PKA anchoring by GPR161 is critical for ciliary 

Hedgehog pathway control. Indeed, a double mutant combining disruption of Gs coupling and PKA 

binding (GPR161-AAA7.52, 7.56, 8.51-L465PC-term) was also unable to repress ciliary GLI2 in the basal 

condition (Fig. 1.14c). We conclude that GPR161 binding to PKA-RI is essential for Hedgehog 

repression in the primary cilia, while GPR161-induced Gs signaling is dispensable. 
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1.4 Discussion 

Our studies here illuminate fundamental mechanisms of GPR161 activation, and how these 

mechanisms relate to GPR161-mediated regulation of Hedgehog signal transduction. Our cryo-

EM structure of GPR161 revealed two stimuli contributing to GPR161 constitutive activity: first, 

a self-activating ECL2; and second, a sterol-like density at a unique extrahelical site. We 

demonstrate that ECL2 occludes the canonical Class A GPCR orthosteric site and is required for 

GPR161 trafficking to the primary cilia and cAMP signaling. We show that cholesterol can bind 

at the sterol site, that sterol-binding site availability is dependent upon the G protein-bound 

conformation of GPR161, and that the sterol-binding site regulates cAMP signaling. These two 

features of GPR161 activation illuminate the basis for Gs-induced cAMP constitutive activity 

observed in previous studies1,6,21. 

 

With these fundamental activation properties of GPR161, we provide new context into how 

GPR161 regulates the Hedgehog signaling pathway. A central model for GPR161 function in 

Hedgehog pathway repression is the importance of constitutive cAMP generation1. Optogenetic 

and chemogenetic triggers that elevate ciliary cAMP levels repress Hedgehog signaling17. We 

directly tested the importance of GPR161-induced cAMP production in one aspect of Hedgehog 

pathway repression, namely suppression of GLI2 transcription factor accumulation in the 

primary cilium in NIH 3T3 cells. We previously showed that a complete lack of GPR161 from 

cilia alone is important in suppressing GLI2 levels in the primary cilium6. Thus, this assay is a 

precise read out of GPR161 activity in cilia. Surprisingly, a GPR161 mutant that is unable to 

couple to Gs and support cAMP production (GPR161-AAA) retains the ability to suppress ciliary 

GLI2 accumulation in NIH 3T3 cells, suggesting that cAMP production of GPR161 is less 
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crucial for Hedgehog pathway repression in cilia than current models suggest. Rather, we find 

that preventing the anchoring of the PKA type I complexes to GPR161 plays a more important 

role in suppressing GLI2 levels in cilia.  

 

We propose the following model for repression of the Hedgehog pathway by GPR161 in cilia 

(Fig. 1.5f). In the absence of Hedgehog, GPR161 bound to PKA is localized to primary cilia. 

PKA within the cilia phosphorylates GLI resulting in processing into its repressor form. The 

general presence of ciliary cAMP is important for this process but could be generated by other 

ciliary GPCRs51, by receptor independent activation53 of adenylyl cyclases by Gs in cilia, or by 

G-protein independent activity of adenylyl cyclase54. A complete disruption of transport of 

adenylyl cyclases into cilia from upstream maturation defects during ER-Golgi transit in the 

secretory pathway, as seen in the Ankmy2 knockout, prevents GLI-R formation in embryos and 

results in GLI2 accumulation in cilia55. In addition, although basal levels of cAMP in cilia are 

controversial, with reports ranging from levels comparable to that in the cytoplasm56 to 

supraphysiological levels ~4.5 µM54, PKA-C can be activated with sub-optimal cAMP levels57. 

In the presence of Hedgehog, GPR161 traffics out of the cilia, removing PKA-RI with it58.  

 

The above model does not exclude the role of extraciliary GPR161, particularly that in the 

periciliary endosomal compartment6, in GLI-R processing and thereby regulating tissue-specific 

morpho-phenotypes. We have recently demonstrated that GPR161 is not only localized to 

primary cilia but is also located in periciliary endosomes6. Both ciliary and extraciliary pools of 

GPR161 contribute to GLI-R formation and regulate tissue-specific repression of Hedgehog 

pathway in mice6. Although we show that GPR161 AKAP activity is critical for suppression of 
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GLI2 trafficking in cilia, the AKAP function of GPR161 is not fully necessary for its suppression 

of Hedgehog pathway phenotypes in zebrafish57–60. The most parsimonious model explaining 

these paradoxical results would be that while ciliary AKAP function of GPR161 is critical for 

suppression of GLI2 trafficking to cilia, GPR161 functions outside cilia through sterol-mediated 

cAMP signaling. Production of cAMP has been reported for other GPCRs in the endosomal 

compartment59–62. Further experiments in organismal models will be needed to test the role of 

cAMP and AKAP signaling by GPR161 in the extraciliary endosomal compartment in tissue-

specific Hedgehog signaling. 

 

Our revised model for GPR161 provides a compelling parallel to recent reports that highlight 

direct interactions between Smoothened and PKA-C in Hedgehog signaling. As a Gi-coupled 

GPCR, Smoothened suppression of cAMP generation was initially described as critical for 

Hedgehog signaling in the fly63. Subsequent studies in vertebrates have called into question the 

importance of Smoothened-induced Gi signaling in cilia in vertebrates62,64. More recently, the 

identification of a PKA-inhibitory motif in the Smoothened C-terminus suggests that activated 

Smoothened directly sequesters the catalytic subunits of PKA (PKA-C) to suppress enzymatic 

activity65. Instead of acting via cAMP on PKA, we propose that two GPCRs important to 

Hedgehog signaling, GPR161 and Smoothened, predominantly depend on binary interactions 

with PKA-C or RI subunit complexes to regulate the Hedgehog pathway in cilia (Fig. 1.5f).  

 

Our identification of a conserved sterol binding site in GPR161 raises fundamental questions 

about the role of sterols in control of GPR161 signaling. We compared relative conservation of 

the GPR161 sterol binding site to the PKA-binding helix in the C-terminus (Fig. 1.11b). 
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Although the sterol binding site is conserved in deuterostome genomes, the PKA-binding motif 

is not clearly identified in echinoderms (e.g., S. purpuratus), early branching chordates (e.g., B. 

belcheri), and hemichordates (e.g., S. kowalevskii). The strong conservation of the cholesterol 

binding site, and the importance of this site for GPR161 to couple to Gs and generate cAMP, 

points to sterol driven cAMP generation of GPR161 having an important biological function.  

 

Our finding that the conserved sterol binding site is not critical for controlling GLI2 levels in the 

primary cilium suggests several possibilities. First, as noted above, it is possible that extraciliary 

GPR161 uses a mechanism distinct from its ciliary AKAP function to control the Hedgehog 

pathway. For example, extraciliary GPR161 may depend on cholesterol or other sterols to 

promote cAMP formation to control GLI-R formation. Second, it is entirely possible that cAMP 

production by GPR161 has roles in adult tissues outside of the Hedgehog pathway. Indeed, 

GPR161 is expressed in many different cell types in adult tissues that are not hedgehog 

regulated, such as the adult hippocampus CA1 region66. GPR161 has also been reported to 

localize to cilia of hippocampal neurons8,66,67. Ciliary peptidergic GPCR signaling in the CA1 

pyramidal neurons has been recently shown to regulate chromatin accessibility68, but the role of 

cAMP signaling mediated by cilia remains unknown. Third, GPR161 could also have roles in 

cancers beyond its role in Hedgehog pathway repression in medulloblastoma10,14. For example, 

GPR161 is overexpressed in triple-negative breast cancer and has been proposed to promote cell 

proliferation and invasiveness in tumor cells by forming a signaling complex with β-arrestin2 

and IQGAP111,69. Our identification of a GPR161 mutant that specifically attenuates cAMP 

production will enable a careful dissection of these potential roles of GPR161, irrespective of its 

function in cilia and beyond the role proposed in the Hedgehog pathway.  
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Our study highlights how GPCR cAMP-PKA signaling establishes precise signaling 

microdomains in primary cilia. Such restrictive signaling in nanodomains has been an emerging 

feature of subcellular signaling by cAMP70,71. Most broadly, our work highlights that orphan 

GPCRs may have functions beyond the biological pathway where they are first encountered. 

Directly observing the stimuli that activate orphan GPCRs will enable precise approaches to 

dissect the functional relevance of a specific signaling pathway in a biological outcome. The 

advent of structure-based methods to interrogate orphan GPCRs will therefore broaden views on 

the possible biology coordinated by this fascinating family of understudied proteins. 
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1.5 Figures 

 
Figure 1.1 Structure-inspired deorphanization of GPR161  
a) The Hedgehog pathway is regulated by two key GPCRs, GPR161 and SMO. In the absence of 
Hedgehog, GPR161 represses the pathway through constitutive cAMP signaling from an unknown 
stimulus. In the presence of Hedgehog, SMO activates the pathway by entering the cilia, binding 
cholesterol, and inhibiting PKA, while GPR161 exits cilia. b) GPR161 yields an exceptionally 
strong signal for β-arrestin recruitment in the PRESTO-Tango assay when compared across 314 
GPCRs (data replotted from Kroeze WM et al 201522). This assay is performed in a modified 
HEK293 cell line, suggesting that GPR161 is constitutively active under heterologous expression 
conditions. c) Cryo-EM density map of GPR161 in complex with Gs heterotrimer (miniGαs, Gβ, 
and Gγ) and stabilizing nanobody 35 (Nb35). The map reveals a density consistent with the shape 
of a sterol (yellow) and an extracellular loop 2 (ECL2, blue) that is packed within the seven 
transmembrane core of GPR161. d) Ribbon diagram of activated GPR161 heterotrimer complex. 
Cholesterol is modeled into the sterol density (yellow). 
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Figure 1.2 Extracellular loop 2 of GPR161 occupies classic GPCR orthosteric site  
ECL2 of GPR161 makes hydrophobic contacts with the core of the receptor. b) Comparison of 
ECL2 of the self-activating orphan GPCR GPR52 (PDB ID: 6LI337) and the prototypical agonist-
activated GPCR β2-adrenergic receptor (β2AR) bound to agonist adrenaline (PDB ID: 4LDO72). 
c) cAMP production assay for GPR161, GPR52, and β2AR. GPR161 is constitutively active for 
cAMP production. Data are mean ± sd, n=4 biologically independent samples (*P < 0.05; ns, not 
significant; one-way ANOVA followed by Dunnett’s multiple comparison tests). d) Nanoluc 
complementation assay for receptor recruitment of miniGs. Both GPR52 and GPR161 
constitutively recruit miniGs. Data are mean ± sd, n=3-4 biologically independent samples (*P < 
0.05; ns, not significant; one-way ANOVA followed by Dunnett’s multiple comparison tests). e) 
cAMP production assay assessing mutations in ECL2 of GPR161 for residues that make 
hydrophobic contacts with the transmembrane bundle. Data are mean ± sd, n=4 biologically 
independent samples (*P < 0.05; ns, not significant; one-way ANOVA followed by Dunnett’s 
multiple comparison tests). f) Molecular dynamics simulations snapshots of GPR161. g) ECL2 
stably occupies the canonical ligand binding pocket as represented by rolling average of the 
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distance between ECL2 W182ECL2 and the Cα atom of T1895.39 in molecular dynamics simulations 
(6 independent trajectories).  
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Figure 1.3 GPR161-miniGs stably and specifically binds cholesterol 
a) Close up view of cholesterol bound to the intracellular side of transmembrane helix 6 (TM6) 
and TM7. Three key interacting residues (I3237.52, W3277.56, R3328.51) are highlighted as sticks. 
b) GPR161 cholesterol binding site residues are conserved from humans to sea urchins 
(Strongylocentrotus purpuratus). A full alignment from these organisms used to define the 
dendrogram on left is shown in Supplementary Fig. 6. c) Detergent solubilized GPR161-miniGs 
purified without cholesterol hemisuccinate was incubated with either one of two distinct 
photoaffinity cholesterol analogs (KK231 or LKM38) and then crosslinked with >320 nm UV 
light. The resulting photo-labeled preparation was digested with trypsin and analyzed by collision-
induced dissociation mass spectrometry, which revealed that KK231 labels position C3197.48 while 
LKM38 labels K2676.32. d) Product ion spectrum of KK231-labeled GPR161-miniGs sample with 
peptides mapped to TM7 and Helix 8. This peptide is modified with a mass consistent with KK231 
at position C3197.48. Red brackets and peaks indicate product ions that contain the KK231 adduct. 
e) Photolabeling efficiency of GPR161-miniGs by KK231 and LKM238 in the absence or presence 
of excess unlabeled cholesterol. Data are mean ± s.d of n=3 technically independent replicates 
from two independently prepared protein samples (*P < 0.05, Student’s paired t-test).   
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Figure 1.4 Cholesterol binding to GPR161 facilitates Gs coupling 
a) Molecular dynamics simulation snapshots of active GPR161 both unrestrained (gray) and 
restrained to G protein bound conformation (green). When GPR161 is restrained to be in the G 
protein-bound conformation, cholesterol remains consistently near W3277.56 as shown in both 
simulation snapshots and in a time trajectory from a representative simulation. b) By contrast, 
when GPR161 is not restrained to be in the G protein-bound state, the cholesterol is dynamic and 
moves away from W3277.56. c) Close up view of cholesterol bound to the intracellular side of 
transmembrane helix 6 (TM6) and TM7. Three key interacting residues (I3237.52, W3277.56, 
R3328.51) are highlighted as sticks. d) 3H-cholesterol (3H-chol) binding assay for purified GPR161-
miniGs and GPR161-AAA7.52, 7.56, 8.51-miniGs. Individual technical replicates are shown, bar graphs 
and error represent mean and s.d. (*P < 0.05; two-way ANOVA followed by Dunnett’s multiple 
comparison tests). e) GloSensor cAMP production assay assessing mutations in cholesterol 
binding site of GPR161. Data are mean ± s.d. from n=4 biologically independent replicates (*P < 
0.05; one-way ANOVA followed by Dunnett’s multiple comparison tests). 
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Figure 1.5 GPR161 PKA-RI binding, but not cAMP generation, is necessary to repress 
ciliary trafficking of GLI2 
a) Representative images of the effect of site-directed mutagenesis of GPR161 on ciliary 
localization and GLI2 repression in ciliary tips in NIH 3T3 cells. NIH 3T3 Flp-In CRISPR based 
Gpr161-/- cells stably expressing untagged mouse wild-type or GPR161 mutants were starved for 
24 hr upon confluence and were treated for further 24 hr ± SAG (500 nM). After fixation, cells 
were immunostained with anti-GLI2 (red), anti-GPR161 (green), anti-acetylated, and centrosome 
(AcTub; PCNT purple) antibodies. Scale bar, 5 µm. b) Quantification GLI2 positive cilia 
indicating Hedgehog pathway activation. AAA7.52, 7.56, 8.51 rescues function similar to WT, and 
L465PC-term does not, similar to Gpr161-/-. Quantification of GLI2 positive cilia are shown from 3 
biologically independent experiments from images taken from 2-3 different regions/experiment 
and counting 15-30 cells/region. Data are mean ± s.d. (*P < 0.05; ns, not significant; two-way 
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ANOVA followed by Šidák’s multiple comparison tests). c) cAMP production assay assessing 
L465PC-term mutation. Data are mean ± sd, n=3-4 biologically independent samples (*P < 0.05; 
one-way ANOVA followed by Dunnett’s multiple comparison tests). d) Nanoluc 
complementation assay for receptor recruitment of miniGs. Both GPR161 and L465PC-term 
constitutively recruit miniGs while AAA7.52, 7.56, 8.51 does not. Data are mean ± sd, n=3-4 
biologically independent samples (*P < 0.05; ns, not significant; one-way ANOVA followed by 
Dunnett’s multiple comparison tests). e) Nanoluc complementation assay for receptor recruitment 
of PKA-RI. GPR161, AAA7.52, 7.56, 8.51, and L465PC-term each recruit less PKA-RI, respectively. 
Data are mean ± sd, n=3-4 biologically independent samples (*P < 0.05; ns, not significant; one-
way ANOVA followed by Dunnett’s multiple comparison tests). f) PKA-centric model of 
Hedgehog pathway repression in cilia. In the absence of Hedgehog, GPR161 represses the pathway 
in cilia through coupling PKA. GPR161 also functions in periciliary endosomal compartments in 
regulating GLI-R formation71. In the presence of Hedgehog, SMO activates the pathway by 
entering the cilia, binding cholesterol, and sequestering PKA-C, while GPR161 exits cilia.  
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Figure 1.6 Biochemical preparation of GPR161-miniGs complex 
a) Cartoon depiction of GPR161 stabilization, solubilization, and purification. b) Size-exclusion 
chromatogram (left) and SDS-PAGE gel (right) of purified GPR161-Gs complex with Nb35. 
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Figure 1.7 Cryogenic electron microscopy processing of GPR161 
a) A representative motion-corrected cryogenic electron microscopy (cryo-EM) micrograph 
obtained from a Titan Krios microscope (n = 8,294). b) A subset of highly populated, reference-
free 2D-class averages. c) Schematic showing the cryo-EM data processing workflow. Initial 
processing was performed using UCSF MotionCor2 and cryoSPARC. Particles were transferred 
using the pyem script package to RELION for alignment-free 3D classification. Finally, particles 
were processed in cisTEM using the manual refinement job type with a 7TM mask followed by a 
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full particle mask. Dashed boxes indicated selected classes. d) Gold-standard Fourier Shell 
Correlation (GSFSC) curve for final refined and sharpened map computed in cryoSPARC. e) Euler 
angle distribution of final refined map computed in cryoSPARC. 
  



 
 

33 
 

 
Figure 1.8 Cryo-EM local density  
a) Orthogonal views of local resolution for the sharpened, final map of GPR161-Gs complex 
computed with local resolution in cryoSPARC. b) Close up of local resolution for sterol density. 
c) Isolated cryo-EM densities from the unsharpened, final map of GPR161 complex. Shown are 
the transmembrane (TM) helices, extracellular loops, and cholesterol-like density. 
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Figure 1.9 Comparison to additional GPCR structures 
a) Structural comparison of GPR161 heterotrimer complex and β2AR heterotrimer complex (PDB 
ID: 3SN6 72). GPR161 has the same hallmarks of GPCR activation as the prototypical receptor, 
β2AR b) Structural comparison of GPR161 to other orphan GPCRs with self-activating ECL2, 
including GPR17 (PDB ID: 7Y89) and GPR21 (PDB ID: 8HMV)38,39. The cis-interaction of ECL2 
with the canonical ligand-binding site is seen across self-activating orphan GPCRs but the precise 
loop conformation changes between receptors. 
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Figure 1.10 Surface expression of GPR161 mutants 
a) Representative flow cytometry surface expression histograms for receptors and mutants used in 
cell-based assays. b) Surface expression of receptors and mutants quantified by anti-FLAG-A647 
median fluorescence intensity ± sd from n = 3-4 biologically independent samples.  
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Figure 1.11 Phylogenetic analysis of GPR161 
a) BLAST search results for Human GPR161 (Uniprot: Q8N6U8). Sequences are plotted from 
highest confidence (E-Value) and highest sequence identity (% identity) to lowest. Representative 
organisms spanning the full range of homologous GPR161 sequences are listed. b) Full sequence 
alignment of eight GPR161 model organism sequences identified in BLAST search.  
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Figure 1.12 Photolabeling with LKM238 and mass spectrometry sequence coverage  
a) Product ion spectrum of LKM238-labeled GPR161-miniGs with peptides mapped to TM6. This 
peptide is modified with a mass consistent with LKM238 at position K2676.32. Red brackets and 
peaks indicate product ions that contain the LKM238 adduct. b) Mass spectrometric sequence 
coverage of GPR161-miniGs. Underlined segments indicate transmembrane spanning helices, red 
font indicates peptides identified by tandem MS analysis and gray font indicates glycosylation 
sites. 
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Figure 1.13 GPR161 molecular dynamics simulation trajectories 
a) Structural diagrams of the GPR161 residues that contact Gs, which are restrained to their Gs 
bound conformation during restrained simulations. b) Independent trajectories for unrestrained 
simulations quantifying all atoms distance from W182ECL2 to T1895.39 . c) Independent trajectories 
for cholesterol-bound GPR161 without G protein-contacts restrained. All non-hydrogen atom 
distance from W3277.56 to cholesterol is plotted. d) Independent trajectories for cholesterol-bound 
GPR161 with G protein-contacts restrained. All non-hydrogen atom distance from W3277.56 to 
cholesterol is plotted. e) Simulation snapshots of W3277.56 inward flip, which removes a key 
contact for cholesterol and occludes binding of the C-terminal α-helix of Gs. 
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Figure 1.14 GPR161 localization and repression of ciliary trafficking of GLI2 for ECL2 
mutants and V129E3.54 
a) Representative images of the effect of site-directed mutagenesis of GPR161 on ciliary 
localization and GLI2 repression in ciliary tips in NIH 3T3 cells for ECL2 mutants and V129E3.54. 
NIH 3T3 Flp-In CRISPR based Gpr161-/- cells stably expressing untagged mouse wild-type or 
GPR161 mutants were starved for 24 hr upon confluence and were treated for further 24 hr ± SAG 
(500 nM). After fixation, cells were immunostained with anti-GLI2 (red), anti-GPR161 (green), 
anti-acetylated, and centrosome (AcTub; PCNT purple) antibodies. Whole cell images with an 
arrow indicating imaged cilia. Scale bar, 5 µm. b) Quantification of GPR161 positive cilia 
indicating trafficking and egress of GPR161 from cilia in the pathway off and on state, 
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respectively. ECL2 mutants do not traffic to cilia suggesting impaired biogenesis. GPR161-
V129E3.54 does not egress from cilia following pathway activation and GPR161-L465PC-term has 
reduced egress compared to GPR161. All other mutants traffic similar to GPR161. Quantification 
of GPR161 positive cilia are shown from 3 independent experiments from images taken from 2-3 
different regions/experiment and counting 15-30 cells/region. Data are mean ± s.d. (*P < 0.05; ns, 
not significant; two-way ANOVA followed by Šidák’s multiple comparison tests). c) 
Quantification GLI2 positive cilia indicating Hedgehog pathway activation. ECL2 mutants and 
GPR161-V129E3.52 do not rescue, similar to Gpr161-/-. Quantification of GLI2 positive cilia are 
shown from 3 independent experiments from images taken from 2-3 different regions/experiment 
and counting 15-30 cells/region. Data are mean ± s.d. (*P < 0.05; ns, not significant; two-way 
ANOVA followed by Šidák’s multiple comparison tests). d) GPR161-V129E3.54 has reduced 
recruitment of miniGs compared to WT. Data are mean ± s.d., n=2-3 biologically independent 
samples (*P < 0.05; ns, not significant; one-way ANOVA followed by Dunnett’s multiple 
comparison tests).  e) GPR161-V129E3.54 has similar recruitment of PKA-RI compared to 
GPR161. Nanoluc complementation assay for receptor recruitment of miniGs. Both GPR161 and 
GPR161-L465PC-term constitutively recruit miniGs while GPR161-AAA7.52, 7.56, 8.51 does not. Data 
are mean ± s.d., n=2-3 biologically independent samples (*P < 0.05; ns, not significant; one-way 
ANOVA followed by Dunnett’s multiple comparison tests). 
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1.6 Tables 

Table 1.1 Cryo-EM data collection and model statistics 
Extended Data Table 1. Cryo-EM data collection, refinement, and validation statistics 
 

 
EMDB: Full map 
RCSB PDB: Model 

GPR161-Gs 
EMD-40603 

8SMV 
 

Data collection  
Microscope Thermo Scientific Krios G3i 
Detector Gatan K3 with Gatan 

BioQuantum Energy filter 
Voltage (kV) 300 
Magnification 105,000 
Defocus range (µm) -0.8 to -2.2 
Pixel size, physical (Å) 0.86 
Total exposure (e-/Å2) 50.7 
Frame exposure (e-/Å2/frame) 0.845 
Images, number of 8,294 
Frames/image, number of 60 
Initial particles, number of 9,760,777 
Final particles, number of 335,928 
Symmetry imposed C1 
Map sharpening, B factor (Å2) 

Full map 
 

-90 
Map resolution, masked (Å) 

Full map 
 

2.72 
FSC threshold 0.143 

  
Refinement  
Initial model used (AlphaFold code)  Q8N6U8 
Model resolution (Å) 2.72 
Model composition  

Chains 6 
Non-hydrogen atoms 8,169 
Protein residues 1,034 
Ligands 1 

B factors (Å2)  
Receptor 45.0 
Ligand 
G protein with Nb35 

53.52 
21.58 

R.m.s. deviations  
Bond length (Å) 0.004 
Bond angles () 1.033 

Validation  
MolProbity score 1.12 
Clash score 1.85 
EMRinger score 3.47 
Rotamer outliers (%) 0.00 

Ramachandran plot  
Favored (%) 96.96 
Allowed (%) 3.04 
Disallowed (%) 0.00 
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1.7 Materials and Methods 

Expression and purification of GPR161 active-state complex 

The human GPR161 gene with an N-terminal influenza hemagglutinin signal sequence and FLAG 

epitope was cloned into a pcDNA3.1 vector with zeocin resistance and a tetracycline inducible 

cassette, as described previously74. The miniGs399 protein75 was fused to the C terminus of 

GPR161 preceded by a glycine/serine linker and rhinovirus 3C protease recognition site. The 

resulting fusion construct was transfected into inducible Expi293F-TetR cells (unauthenticated and 

untested for mycoplasma contamination, Thermo Fisher) using the ExpiFectamine transfection 

reagent per manufacturer instructions. After 18 h, protein expression was induced with 1 µg/mL 

doxycycline hyclate for 28 h before collection by centrifugation. Pelleted cells were washed with 

50 mL phosphate buffered saline, pH 7.5 before storage at −80 °C.  

 

For complex purification for cryo-EM, frozen cells were hypotonically lysed in a buffer comprised 

of 20 mM HEPES pH 7.5, 1 mM EDTA, 160 µg/mL benzamidine, 160 µg/mL leupeptin, and 100 

µM TCEP for 10 min at 25˚C. The membrane fraction was collected by centrifugation, and the 

fusion protein was extracted with a buffer comprised of 20 mM HEPES, pH 7.5, 300 mM NaCl, 

1% (w/v) lauryl maltose neopentyl glycol (L-MNG, Anatrace), 0.1% (w/v) cholesteryl 

hemisuccinate (CHS, Steraloids), 2 mM MgCl2, 2 mM CaCl2, 160 µg/mL benzamidine, 2 µg/mL 

leupeptin, and 100 µM TCEP with dounce homogenization and incubation with stirring for one 

hour at 4 °C. The soluble fraction was separated from the insoluble fraction by centrifugation and 

was applied to a column of homemade M1–FLAG antibody-conjugated Sepharose beads at a rate 

of 1 mL/min. Sepharose resin was then washed with ten column volumes of 20 mM HEPES pH 

7.5, 300 mM NaCl, 0.1% (w/v) L-MNG, 0.01% (w/v) CHS, 2 mM MgCl2, 2 mM CaCl2, 100 µM 
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TCEP and then washed with 10 column volumes of 20 mM HEPES pH 7.5, 150 mM NaCl, 

0.0075% (w/v) L-MNG, 0.00075% (w/v) CHS, 2 mM MgCl2, 2 mM CaCl2, 100 µM TCEP prior 

to elution with 20 mM HEPES pH 7.5, 150 mM NaCl, 0.0075% (w/v) L-MNG, 0.00075% (w/v) 

CHS, 100 µM TCEP, 5 mM EDTA, and 0.2 mg/mL FLAG peptide. The eluted GPR161-miniGs 

fusion protein was concentrated in a 100 kDa MWCO Amicon spin concentrator, and injected onto 

a Superdex 200 Increase 10/300GL (Cytiva) gel filtration column equilibrated in 20 mM HEPES 

pH 7.5, 150 mM NaCl, 100 µM TCEP, 0.0075% (w/v) L-MNG, 0.0025% glyco-diosgenin (GDN, 

Anatrace), and 0.0005% CHS. Monodisperse fractions of GPR161-miniGs were complexed with 

Gβ1γ2 heterodimer and Nb35 (purified as described previously 76) at 2-fold molar excess overnight 

at 4˚C. The next day, the complex was concentrated with a 100 kDa MWCO spin concentrator and 

excess Gβ1γ2 and Nb35 was removed via size-exclusion chromatography, using a Superdex200 

Increase 10/300 GL column (GE Healthcare) equilibrated in 20 mM HEPES pH 7.5, 150 mM 

NaCl, 100 µM TCEP, 0.0075% (w/v) L-MNG, 0.0025% (w/v) GDN, and 0.00075% CHS. The 

resulting complex was concentrated to 2.9 mg/mL with a 100 kDa MWCO spin concentrator for 

preparation of cryo-EM grids. 

 

Two separate preparations of GPR161-miniGs were made for biochemical experiments that 

deviated slightly from the purification protocol for cryoEM. For cholesterol photolabeling 

experiments, GPR161-miniGs was expressed and purified using the above protocol except CHS 

and GDN was excluded from all buffers. For 3H-cholesterol binding experiments, n-Dodecyl-𝜷-

D-Maltopyranoside (DDM, Anatrace) was used in lieu of LMNG at a final concentration of 0.02% 

and CHS and GDN were excluded from all buffers. The resulting size exclusion chromatography-

purified protein samples were flash frozen in liquid nitrogen for downstream assay use. 
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Cryo-EM vitrification, data collection, and processing 

The GPR161-Gs-Nb35 complex was concentrated to 3 mg/mL and 3 µl was applied onto a glow-

discharged 300 mesh 1.2/1.3 gold grid covered in a holey carbon film (Quantifoil). Excess sample 

was removed with a blotting time of 3 s and a blotting force of 1 at 4 °C prior to plunge freezing 

into liquid ethane using a Vitrobot Mark IV (Thermo Fisher). A total of 8,294 movies were 

recorded with a K3 detector (Gatan) on a Titan Krios (Thermo Fisher) microscope operated at 

300 keV with a BioQuantum post-column energy filter set to a zero-loss energy selection slit width 

set of 20 eV. The 60-frame movies were recorded for 2.6 s at a physical pixel size of 0.86 Å per 

pixel and a defocus range of −0.8 to − 2.2 µm for a total dose of 50.7  e−/Å2. Exposure areas were 

acquired with an automated image shift collection strategy using EPU (Thermo Fisher). 

 

Movies were motion-corrected and dose-fractionated on-the-fly during data collection using UCSF 

MotionCor275. Corrected micrographs were imported into cryoSPARC v3.1 (Structura 

Biotechnology)76 for CTF estimation via the Patch CTF Estimation job type. Micrographs with a 

CTF fit resolution of > 5 Å were excluded from further processing. Templates for particle picking 

were generated using a 20 Å low-pass filtered model generated from an ab initio model made from 

blob-picked and 2D classified particles. Template picking yielded 9,760,777 particles, which were 

extracted in a 288-pixel box and Fourier cropped to 72 pixels. Particles were classified in 3D with 

alignment using the 20 Å low-pass filtered ab initio model and three “random” reconstructions 

generated from a prematurely terminated ab initio reconstruction job, called “garbage collectors,” 

with the Heterogeneous Refinement job type.  Two rounds of Heterogeneous Refinement yielded 

3,033,326 particles that were re-extracted in the same box sized cropped to 144 pixels. Additional 
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Heterogeneous refinement and extraction without binning yielded 1,143,566 particles that were 

refined using the Non-Uniform Refinement job type. Particles were exported using csparc2star.py 

from the pyem script package77, and a mask covering the 7TM domain of GPR161 was generated 

using the Segger tool in UCSF ChimeraX78 and the mask.py script in pyem. The particles and 

mask were imported into Relion v3.079 and classified in 3D without alignment. Particles 

comprising the three highest resolution classes were reimported into cryoSPARC for Non-Uniform 

Refinement. Finally, particles were exported into cisTEM80 for two local refinements using the 

Manual Refinement job type and low-pass filtering outside of masks. In the first local refinement, 

the previous 7TM mask was used, and the second local refinement used a full-particle mask. 

 

Model building and refinement 

Model building and refinement began with the Alphafold281 predicted structure as the starting 

model, which was fitted into the experimental cryoEM map using UCSF ChimeraX. The model 

was iteratively refined with real space refinement in Phenix82 and manually in Coot83. The 

cholesterol model and rotamer library were generated with the PRODRG server84, docked using 

Coot, and refined in Phenix. Final map-model validations were carried out using Molprobity and 

EMRinger in Phenix.  

 

cAMP signaling assays 

We measured cAMP production to determine activation of Gs signaling by GPR161. For each 

GPR161 construct (wild-type (WT), M177R, V179R, W182G, W182R, W327A, W327R, R332A, 

AA, AAA, L465P), a 2 mL suspension culture of Expi293F-TetR cells was co-transfected with a 

3:1 ratioof a pcDNA3.1 plasmid expressing GPR161 and a luciferase-based cAMP biosensor, 
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pGlosensor-22F (Promega). Surface expression levels of constructs were titrated to similar levels 

with doxycycline and measured by flow cytometry using an Alexa-647 conjugated anti-M1 Flag 

antibody. Cells were collected 24 h post-induction, resuspended in Expi293 expression media 

(Gibco) supplemented with 10% DMSO, and gradually frozen to -80 ˚C in a Mr. Frosty Freezing 

container for future use. To perform the assay, frozen cells were rapidly thawed in a 37˚C water 

bath and resuspended in fresh Expi293 expression medium. Cells were diluted to a final 

concentration of 1e6 cells per mL in Expi293 expression medium plus 2% (v/v) Glosensor assay 

reagent (Promega) and intubated for 75 min at room temperature with gentle rotation. Cells were 

then plated in a white 384-well plate (Greiner) to a final density of 15,000 cells per well. 

Immediately after cell addition, luminescence was measured using a CLARIOstar instrument. 

Statistical analyses were performed using one-way ANOVA followed by Dunnett’s multiple 

comparison tests between all possible pairs using GraphPad Prism 9 (Dotmatics).  

 

3H-Cholesterol binding assay 

To measure cholesterol binding to GPR161, we developed a scintillation proximity assay (SPA) 

using purified receptor and 3H-cholesterol (PerkinElmer). To capture M1-FLAG tagged receptor, 

we used Protein A coated beads and purified M1-FLAG antibody. Each binding reaction was 

performed in a final volume of 100 µL in a binding buffer comprised of 0.01% dodecylmaltoside, 

20 mM HEPES pH 7.5, 150 mM NaCl, 100 nM purified M1-FLAG antibody, and 2 mM CaCl2 (to 

enable M1-FLAG tag binding to antibody). SPA beads were added to a final concentration of 0.675 

mg/mL, 3H-cholesterol was added to 100 nM, and 100 nM of purified GPR161-miniGs or GPR161-

AAA7.52, 7.56, 8.51-miniGs was added to start the reaction. For competition with cold cholesterol a 3 

µM final concentration was used. The reactions were incubated with shaking at room temperature 
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for 24 hrs, and bound 3H-cholesterol was measured in a scintillation counter (Perkin Elmer). 

Statistical analyses were performed using two-way ANOVA followed by Dunnett’s multiple 

comparison tests between all possible pairs using GraphPad Prism 9 (Dotmatics). 

 

Photolabeling and MS analysis  

Photolabeling reagents were synthesized as previously described84 and stored in the dark at -20˚C 

as 10 mM stocks in ethanol. Aliquots of the photolabeling reagents (KK231 or LKM38) were air 

dried in the dark at room temperature and resolubilized in 20 mM HEPES pH 7.5, 150 mM NaCl, 

0.0075% LMNG (no CHS or GDN) containing 20 µg of purified GPR161-miniGs in a total volume 

of 50 µL. The protein was incubated with the photolabeling regent for one hour in the dark at 4 ˚C 

and then irradiated in a quartz cuvette with >320 nm UV light as previously described85. For site 

identification experiments, the photolabeling reagent concentration was 100 µM. For cholesterol 

competition experiments, aliquots of ethanolic stocks of the photolabeling reagent and cholesterol 

(10 mM stock) were added into the same tube and air dried prior to solubilization with GPR161-

miniGs. The final concentration of the photolabeling reagents was 3 µM and of cholesterol 100 

µM. 

 

For mass spectrometric analysis, the samples were desalted using Biospin 6 columns (BioRad, 

CA), equilibrated with 50 mM triethylammonium bicarbonate and 0.02%(w/v) n-Dodecyl-β-D-

Maltoside. The proteins were sequentially reduced with 5 mM tris(2-carboxyethyl)phosphine 

(TCEP) for 30 mins, alkylated with 5 mM N-ethylmaleimide (NEM) in the dark for 45 mins, and 

quenched with 5 mM dithiothreitol (DTT) for 15 mins. These three steps were done at room 

temperature. The proteins were digested with 8 µg trypsin at 4 ˚C for one week at which time the 
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digestions were terminated by addition of formic acid (FA) to a final concentration of 1%.  

 

The resultant peptides were analyzed with an OrbiTrap ELITE mass spectrometer (Thermo Fisher 

Scientific). Briefly, 15 μL samples were injected by an autosampler (UltiMate 3000 UHPLC 

system; ThermoFisher) onto a home-packed polymeric reverse phase PLRP-S (Agilent, Santa 

Clara, CA) column (10 cm × 75 μm, 300 Å) at a flow rate of 800 nL/min. A 10%-95% acetonitrile 

(ACN) gradient was applied for 150 minutes to separate peptides. Solvent A was 0.1% FA/water, 

and solvent B was 0.1% FA/ACN. The following gradient was applied: isocratic elution at 10% 

solvent B, 1–60 minutes; 10%–95% solvent B, 60–110 minutes; 95% solvent B, 110–140 minutes; 

95%–10% solvent B, 140–145 minutes; 10% solvent B, 145–150 minutes. For the first 60 minutes, 

a built-in divert valve on the mass spectrometer was used to remove the hydrophilic contaminants 

from the mass spectrometer. Mass spectra (MS1) were acquired at high resolution (resolution of 

60,000) in the range of m/z = 100-2,000. Top 20 ion precursors in MS1 were selected for MS2 

using data-dependent acquisition with exclusion of singly charged precursors. Fragmentation was 

performed with high-energy dissociation (HCD) using a normalized collision energy of 35%. 

Product ion spectra (MS2) were acquired at a resolution of 15,000.   

 

The data were searched against a database containing the sequence of GPR161-miniGs using 

PEAKS Studio X pro (Bioinformatics Solutions Inc, Waterloo, ON, Canada) with the following 

settings: precursor ions mass accuracy of 20 ppm, fragmentation ion accuracy of 0.1 Da, up to 

three missed cleavages on either side of peptide with trypsin digestion; methionine oxidation, 

cysteine alkylation with NEM and DTT, any amino acids with adduct of LKM38 (mass = 396.34) 

and KK231 (mass = 484.26) were included as variable modifications. The searched results were 
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filtered with a 1% false discovery rate and the detected peptides were confirmed by manual 

analysis for monoisotopic mass accuracy and retention time with Xcalibur 2.2 (ThermoFisher). 

Fragment ions were also manually confirmed and were accepted based on the presence of a 

monoisotopic mass within 20 ppm mass accuracy. Photolabeling efficiency was estimated by 

generating selected ion chromatograms (SIC) of both unlabeled and photolabeled peptides, 

determining the area under the curve and calculating efficiency as: labeled peptide / (unlabeled 

peptide + labeled peptide). Statistical significance was analyzed with Student’s paired t-test using 

GraphPad Prism 9 (Dotmatics).  

 

NanoBiT recruitment assays 

We measured protein recruitment to determine functionality of GPR161 mutants. For each 

GPR161 construct (wild-type (WT), AAA, L465P, V129E), as well as for β2AR and GPR52, a 2-

mL suspension culture of Expi293F-TetR cells was co-transfected with a 500 ng of a pcDNA3.1 

plasmid expressing receptor fused C-terminally to smBiT and 100 ng of transducer fused to lgBiT 

(miniGs: N-terminally, PKA-RI: C-terminally). Surface expression levels of constructs were 

titrated to similar levels with doxycycline and measured by flow cytometry using an Alexa-647 

conjugated anti-M1 FLAG antibody. After 24 h of induction, cells were centrifuged at 300xg, and 

resuspended in DPBS at a concentration of ~55,000 cells per 200 µL. 40 µL of 30 µM 

coelenterazine-h diluted in PBS was added to cells for a final concentration of 5 µM. Cells were 

incubated for ~30 min at room temperature with gentle shaking. Luminescence was measured 

using a CLARIOstar instrument. Statistical analyses were performed using one-way ANOVA 

followed by Dunnett’s multiple comparison tests between all possible pairs using GraphPad Prism 

9 (Dotmatics). 
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Molecular dynamics simulations 

Simulation setup 

We performed simulations of GPR161 with cholesterol under two conditions: A) GPR161 

unrestrained (6 independent simulations, roughly 1 μs each) B) GPR161 restrained to its G 

protein—bound conformation (6 independent simulations, roughly 1 μs each). For all conditions, 

the initial structures were based on the cryoEM structure reported [MOU1] in this paper and were 

prepared using Maestro (Schrödinger, LLC). In both conditions, the nanobody and G protein were 

removed from the structure. 

  

Missing amino acid side chains were modeled using Prime (Schrödinger, LLC). Neutral acetyl and 

methylamide groups were added to cap the N- and C-termini, respectively, of the protein chains. 

Titratable residues were kept in their dominant protonation state at pH 7.4. Histidine residues were 

modeled as neutral, with a hydrogen atom bound to either the delta or epsilon nitrogen depending 

on which tautomeric state optimized the local hydrogen-bonding network. Dowser 86 was used to 

add water molecules to protein cavities. GPR161 was aligned on the receptor in the crystal 

structure of Prostaglandin E2 receptor EP2 subtype (PDB ID: 7CX4) 87 in the Orientation of 

Proteins in Membranes (OPM) database 88. The aligned structures were inserted into a pre-

equilibrated palmitoyloleoyl-phosphatidylcholine (POPC) membrane bilayer using Dabble 89. 

Sodium and chloride ions were added to neutralize each system at a concentration of 150 mM. To 

simulate the G protein–bound conformation in condition B, 0.5 kcal∙mol-1 ∙Å-2 restraints were 

applied throughout the production simulation on non-hydrogen atoms of GPR161 residues that are 

within 4 Å of the G protein in the experimentally determined structure. These residues were: 125, 
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128, 129, 130, 131, 132, 133, 135, 136, 137, 211, 214, 215, 218, 219, 267, 268, 271, 272, and 327. 

Both final systems consist of 52716 atoms, including 140 lipid molecules and 9810 water 

molecules (initial system dimensions: 85 Å x 80 Å x 82 Å). 

  

Simulation protocols 

For each simulation, initial atom velocities were assigned randomly and independently. We 

employed the CHARMM36m force field for protein molecules, the CHARMM36 parameter set 

for lipid molecules and salt ions, and the associated CHARMM TIP3P model for water 90,91. 

Simulations were run using the AMBER20 software 92 under periodic boundary conditions with 

the Compute Unified Device Architecture (CUDA) version of Particle-Mesh Ewald Molecular 

Dynamics (PMEMD) 93 on one GPU. 

  

The systems were first heated over 12.5 ps from 0 K to 100 K in the NVT ensemble using a 

Langevin thermostat with harmonic restraints of 10.0 kcal∙mol-1 ∙Å-2 on the non-hydrogen atoms 

of the lipids, protein, and cholesterol. Initial velocities were sampled from a Boltzmann 

distribution. The systems were then heated to 310 K over 125 ps in the NPT ensemble. 

Equilibration was performed at 310 K and 1 bar in the NPT ensemble, with harmonic restraints on 

the protein and cholesterol non-hydrogen atoms tapered off by 1.0 kcal∙mol-1 ∙Å-2 starting at 5.0 

kcal∙mol-1 ∙Å-2 in a stepwise manner every 2 ns for 10 ns, and finally by 0.1 kcal∙mol-1 ∙Å-2 every 

2 ns for an additional 18 ns. Except for the restrained residues listed above in condition B, all 

restraints were completely removed during production simulation. Production simulations were 

performed at 310 K and 1 bar in the NPT ensemble using the Langevin thermostat and Berendsen 

barostat. 
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Lengths of bonds to hydrogen atoms were constrained using SHAKE, and the simulations were 

performed using a timestep of 4.0 fs while using hydrogen mass repartitioning 94. Non-bonded 

interactions were cut off at 9.0 Å, and long-range electrostatic interactions were calculated using 

the particle-mesh Ewald (PME) method with an Ewald coefficient (β) of approximately 0.31 Å 

and B-spline interpolation of order 4. The PME grid size was chosen such that the width of a grid 

cell was approximately 1 Å. Snapshots of the trajectory were saved every 200 ps. 

  

Simulation analysis protocols 

The AmberTools17 CPPTRAJ package 95 was used to reimage trajectories at 1 ns per frame, Visual 

Molecular Dynamics (VMD) 96 was used for visualization and analysis, and PyMOL (The PyMOL 

Molecular Graphics System, Schrödinger, LLC) was used for renderings. 

 

Plots of time traces from representative simulations were generated with Matplotlib 97 and show 

both original, unsmoothed traces (transparent lines) and traces smoothed with a moving average 

(thick lines), using an averaging window of 20 ns. All traces include the initial equilibration with 

harmonic restraints on the protein and cholesterol non-hydrogen atoms. 

 

To monitor ECL2 movement, we measure the minimal distance between all atoms of W182 and 

T189 (Fig. 1.2f,g and Fig. 1.13b). To capture cholesterol motion, we measure the minimal distance 

between all non-hydrogen atoms between cholesterol and W327. We show a representative trace 

of this measurement for each condition (Fig. 1.4b and Fig. 1.13c,d). 
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Ciliary localization and Hedgehog pathway activation 

Cell lines 

NIH 3T3-FlpIn cells were authenticated by and purchased from Thermo Fisher Scientific. They 

have tested negative for Mycoplasma. The Gpr161-/- NIH 3T3 Flp-In cell line was a gift from Rajat 

Rohatgi96. The cells were cultured in DMEM-high glucose media (D5796; Sigma) with 10% BCS 

(Sigma-Aldrich), 0.05 mg/ml penicillin, 0.05 mg/ml streptomycin, and 4.5 mM glutamine. Stable 

knockout cell lines were generated by retroviral infection with pBABE constructs having untagged 

wild type or mutant GPR161 inserts followed by antibiotic selection. Single or multiple amino 

acid mutations in full-length GPR161 were generated using Q5 site-directed mutagenesis kit 

(NEB). 

 

Immunostaining and microscopy 

For immunofluorescence experiments in cell lines, cells were cultured on coverslips until confluent 

and starved for 48 h. To quantify ciliary GLI2 and GPR161 levels, cells were treated with 500 nM 

SAG or DMSO for 24 h after 24 h of serum starvation. Cells were fixed with 4% PFA for 10 min 

at room temperature. After blocking with 5% normal donkey serum, the cells were incubated with 

primary antibody solutions for 1 h at room temperature followed by treatment with secondary 

antibodies for 30 min along with DAPI. Primary antibodies used were against GPR161 (1:200, 

custom-made)97, acetylated α-tubulin (mAb 6-11B-1, Sigma; 1:2000), GLI2 (1:500, gift from 

Jonathan Eggenschwiler)98, pericentrin (611814, BD Biosciences; 1:500). Coverslips were 

mounted with Fluoromount-G and images were acquired with a Zeiss AxioImager.Z1 microscope 

using a 40x oil immersion objective lens. 
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Quantification and statistical analysis 

Cilia positive for GLI2 or GPR161 in Gpr161-/- cells expressing untagged wild-type or mutant 

GPR161 were counted. Statistical analyses were performed using two-way ANOVA followed by 

Šidák’s multiple comparison tests between all possible pairs using GraphPad Prism 9 (Dotmatics).  
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2.1 Abstract 

Proton-sensing G protein-coupled receptors (GPCRs) respond to changes in extracellular pH to 

regulate diverse physiological processes. The three proton-sensing GPCRs, GPR4, GPR65, and 

GPR68, regulate breathing, inflammation, and vasodilation, respectively, through an unknown 

mechanism. In this study, we provide a detailed understanding of GPCR proton sensing, which 

differs from the mechanism described for other proton-sensing membrane proteins. Using a 

combination of deep mutational scanning and cryogenic electron microscopy, we identify a 

distributed network of residues across the entire extracellular half of the proton-sensing GPCRs 

that contribute to activation. This network is composed of a variety of residues other than 

histidines, including aspartates, glutamates, arginines, and tyrosines, which were previously 

underappreciated. Our findings demonstrate that proton sensing in GPCRs is not localized to a 

single site but is distributed across a network of residues. This provides a new framework for 

understanding proton-sensing membrane proteins and enables the development of novel 

modulators targeting these receptors. 

 

2.2 Introduction 

The precise regulation of pH is a fundamental aspect of human physiological systems. Different 

classes of membrane proteins, including ion channels, transporters, and G protein-coupled 

receptors (GPCRs), have evolved to sense and respond to changes in extracellular pH. These 

membrane proteins have critical roles in the homeostasis of our nervous, cardiovascular, and 

metabolic systems and specifically sense pain, hypoxia, acidosis, and inflammation 99–109. 

Although these proteins control vital physiological processes, we are just beginning to understand 

the structural details underpinning their function.  
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Structures of proton-sensing membrane proteins have revealed a potential general mechanism of 

proton sensing. Prior studies have demonstrated that membrane proteins sense protons at highly 

localized, singular sites that mediate the response to changes in pH. We call this the hotspot model 

of proton sensing. This has been convincingly seen and demonstrated in channels, transporters, 

and receptor tyrosine kinases, including acid sensing ion channels, two-pore domain K+ channels, 

proton-active chloride channels, TRP channels, equilibrative nucleoside transporters, and the 

insulin receptor-related receptor 100,101,103–105,110–115. However, we do not know if the hotspot model 

extends to proton-sensing GPCRs.  

 

There are three proton-sensing GPCRs, GPR4, GPR65, and GPR68. GPR4 regulates CO2-

dependent breathing in the retrotrapezoid nucleus 108. GPR65 suppresses inflammation and 

autoimmune diseases 109,116,117. GPR68 modulates small-diameter artery dilation and remodeling 

118. Since their initial characterization, the proton-sensing GPCRs have been proposed to sense 

protons through a handful of histidines across their extracellular surface 107,119. This “distributed” 

model presents an alternative to the hotspot model whereby protons act at multiple, spatially 

distinct sites to give rise to activation (Fig. 2.1a).  

 

Although conceptually simple, evidence for a distributed proton-sensing network of histidines has 

been elusive. Previous mutational studies have shown that these extracellular histidines are not 

necessary for pH sensing 120,121. For example, these can be mutated out of GPR68 and the receptor 

is still activated by pH, albeit at a lower pH50 120. Also, a case has been made that proton-sensing 

GPCRs do act via the hotspot model due to a triad of glutamines 121. Despite the extensive 
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mutagenesis published to date, the molecular mechanism of proton sensing by these three GPCRs 

remains unresolved. There could be an undiscovered hotspot controlling activation or there could 

be a distributed sensing network that point mutations cannot capture.  

  

To understand the mechanism of GPCR proton sensing, we need a comprehensive and unbiased 

examination of how proton sensing GPCRs respond to pH. Here we combine deep mutational 

scanning (DMS) and cryogenic electron microscopy (cryo-EM) to determine the proton sensing 

mechanism for these GPCRs. Our findings reveal a distributed network in which nearly all 

extracellular titratable residues contribute to the emergent property of proton sensing, sometimes 

in unexpected ways. This provides a new framework for understanding proton-sensing membrane 

proteins.  

 

2.3 Results 

Proton-sensing GPCRs sense protons through a distributed mechanism 

Our initial investigations sought to understand if there is a specific hotspot that confers proton 

sensing for these GPCRs, similar to other proton-sensing membrane proteins. We reasoned that if 

there was a lynchpin residue or site that determines the pH response for these GPCRs, it could be 

identified through exchanging linear segments of one receptor with portions of another. We chose 

GPR4 and GPR68 for this chimeric receptor experiment as they have the highest sequence identity 

(45%) but the largest difference in pH50 - pH 8 for GPR4 and pH 6.8 for GPR68 when expressed 

heterologously in HEK293 cells (Fig. 2.1b). If the proton sensors act via the hotspot mechanism, 

we expected to find that swapping one segment of GPR68 in place of the homologous GPR4 

section would be sufficient to convert the pH50 of GPR4 into that of GPR68. Conversely, if sensing 
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is distributed throughout the receptor, we would expect that multiple linear segments of GPR68 

would be required to convert the pH50.  

 

We created all possible combinations of chimeric swaps between GPR68 and GPR4. We chose 

linear segments that spanned both extracellular loops (ECL) and portions of transmembrane (TM) 

helices containing titratable residues. We chose grafting points by matching the final Ballesteros-

Weinstein position where GPR4 and GPR68 shared residue identity before diverging. This resulted 

in 14 chimeras of GPR4 containing the following portions of GPR68: N terminus and top of TM1, 

TM2 through TM3 including ECL1, TM4 through TM5 including ECL2, and TM6 through TM7 

including ECL3. Surprisingly, we found that any one linear segment had almost no effect on pH50, 

and even combinations of three segments only shifted the pH50 by a half a pH unit (Fig. 2.1c, Fig. 

2.7). It was not until all extracellular segments of GPR68 were swapped onto GPR4 that the pH50 

approached wild-type GPR68. The remaining difference in pH50s between this chimera and wild-

type GPR68 suggests that there are residues outside the swapped regions contributing to proton 

sensing.  

 

This simple chimera experiment yielded three key insights into the mechanism of proton-sensing 

GPCRs. First, there is no single site of amino acids that accounts for the pH response. Second, 

shifting the pH50 between receptors requires nearly the entire extracellular half of the receptor. 

Third, there are residues outside the extracellular loops and upper TMs that contribute to the pH 

response. These findings provide clear support for a distributed model of activation. However, the 

large number of residues involved presents an enormous challenge to study and conceptualize a 

detailed molecular model of how these GPCRs sense protons. To probe over 100 extracellular 
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residues, of which over 40 are titratable, we needed a high-throughput assay that tested the pH 

response of each site across a variety of amino acid identities. For this, we turned to DMS.  

 

Deep mutational scan provides unbiased and comprehensive view of distributed proton 

sensing mechanism 

DMS provides high-throughput sequence to function analysis. Each position in a protein is mutated 

to all 20 amino acids and the mutational effect on protein function, or fitness, is quantified by a 

downstream signal 122. This signal is often a fluorescence output that allows for fluorescence-

activated cell sorting (FACS) of the pooled mutational library. The sorted library is then sequenced 

and the enrichment of different genotypes in sorted gates is calculated. This enrichment provides 

a relative metric for how variants increase or decrease fitness compared to wild-type (Fig. 2.8). 

DMS has been applied to understand functional outcomes of membrane protein mutations, 

including the prototypical GPCR, 𝛽2AR 123–126. DMS on GPCRs enables detailed understanding 

of how nuanced changes to each and every amino acid in a receptor changes signaling output. 

 

To apply DMS to a proton-sensing GPCR, we had to overcome two challenges. First, basic and 

acidic pH is toxic for cells. Second, basal production of cAMP, and consequently, basal production 

of the fluorescent reporter attenuates the dynamic range of signal produced by pH stimulus. We 

designed a system to overcome these challenges (Fig. 2.2a). To circumvent the pH range, we tested 

different pH points spanning different portions of the GPR68 dose-response curve and we used a 

previously characterized GPR68 PAM, ogerin 127 (Fig. 2.2b, c). Additionally, we minimized the 

background cAMP signal by fusing a DHFR degron onto eGFP so that it is continuously degraded 

until the library is stimulated by pH.  
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We performed triplicate DMS on GPR68 at three different pHs, pH 6.5, pH 6, and pH 5.5. These 

pH values were chosen to assess function at a fully inactivating, an intermediary, and a fully 

activating pH, respectively. We measured the effects of all mutations on both cAMP signaling and 

surface expression relative to wild-type GPR68 to capture the effects of all mutations at all 

positions (Fig. 2.2d, Fig. 2.9). Measuring surface expression for all variants allows us to 

distinguish mutants that have lower cAMP production because they do not reach the plasma 

membrane from those that reach the plasma membrane and have altered signaling. From these data 

we can see mutations that decrease cAMP signaling, indicated by negative fitness scores, and we 

are able to see mutations that increase cAMP signaling, indicated by positive fitness scores.  

 

The GPR68 DMS data provides a global view of pH activation determinants that aligns with 

known constraints on GPCR folding and signaling. Most notable among these global patterns is 

the mutational tolerance of each TM helix. Mutations in each TM helix produce large decreases in 

surface expression and signaling fitness, especially when hydrophobic residues are substituted for 

a charged or proline residue (Fig 2.2d, Fig 2.9). Additionally, mutations to conserved GPCR 

folding motifs, such the disulfide C943.25 and C172ECL2, are intolerant to mutation. In addition to 

capturing key GPCR folding determinants, the GPR68 DMS data also captured the functional 

importance of conserved GPCR signaling determinants, including the DRY motif (D1183.49, 

R1193.50, and Y1203.51) and DPxxY motif (D2827.49, P2837.50, Y2867.53). Together these motifs are 

necessary for stabilizing the active state of GPCRs and opening the cytoplasmic binding cavity of 

G proteins128. These trends illustrate that the GPR68 DMS captured known features of GPCR 

folding and signaling.  
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To go beyond known GPCR fitness determinants, we next sought to understand specific GPR68 

positions affecting pH sensing. Here we observed a range of effects. First, we observed positions 

that are intolerant to mutations and decrease fitness irrespective of mutation amino acid identity. 

For example, at both pH 5.5 and pH 6, mutations to R2516.58 decrease fitness (Fig 2.2, Fig 2.9). 

Other examples of this include E174ECL2 and H2456.52. Second, we observed positions that are 

permissive to mutations and have increased fitness irrespective of mutation amino acid identity. 

For example, at all three pHs, D913.22 and E1604.64 have increased fitness when mutated with 

largest increases from non-charged amino acids (Fig 2.2, Fig 2.9). Intriguingly, there are also 

positions that display a charge-dependent effect on fitness, such as H201.31 and H2697.36. These 

amino acids have decreased fitness when mutated to negatively charged residues and increased 

fitness when mutated to positively charged residues. This result suggests these histidines are 

protonation sites in activated GPR68, and it illustrates the additional insights that can be gained 

from DMS as opposed to alanine scanning or site-directed mutagenesis. The GPR68 DMS 

provided a rich dataset to understand the relationship between amino acid sequence and function, 

yet we struggled to understand how this multitude of mutational effects comprised a proton sensing 

network. To learn the full mapping of sequence, structure, and function, we turned to cryo-EM.  

 

Structures of proton receptors show organization of the distributed proton sensing network 

To understand the spatial organization of this proton sensing network, we determined cryo-EM 

structures of each proton sensor at pH 6 (Fig. 2.3a, Fig. 2.10, Fig. 2.11, Fig 2.12). We had to 

overcome two challenges to determine these structures. First, we overcame low receptor 

expression by generating constructs with each proton receptor C-terminally fused to a miniG 
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protein based on their G protein coupling specificities 120,128. This enabled measurable quantities 

of each receptor to be purified. Second, we overcame receptor instability by screening different 

pH buffers for structural determination. Although each receptor has a different pH50 when 

expressed heterologously in HEK293 cells, each required pH 6 biochemically for high resolution 

structure determination. At pHs higher than this, reconstructions were low resolution. To overcome 

instability challenges, we additionally attempted determination of GPR68 structures with various 

PAMs, including Co2+ and MS48107, a more potent ogerin analogue 120,129. With 10 µM Co2+, we 

were able to determine high resolution GPR68 structures at pH 6 and pH 7.5, but we were unable 

to resolve the small molecule, MS48017, bound to GPR68 any pH (Fig. 2.13, Fig. 2.14, Fig 2.15).  

 

From the resulting full particle and focused GPCR refinements, we modeled each proton-sensing 

GPCR and G protein heterotrimer (Fig. 2.3b). Each proton receptor has a highly similar active-

state confirmation (RMSD < 1.6 Å). The three proton receptors share conserved titratable residues 

in TM4, TM5, TM6, and ECL2. Elsewhere the identity and side chain positioning of titratable 

residues diverges (Fig. 3c). Of particular note is the conformation of ECL2 and canonical “ligand 

binding pocket” for each receptor. Previous studies have predicted the proton receptors to have 

peptide ligands 129–131. Indeed the ECL2 of each is a beta hairpin similar to peptide-binding GPCRs 

(Fig. 2.16a, b) 130–132. However unlike these peptide receptors, the ECL2 of the proton sensors 

occupies the canonical ligand binding pocket, much like recently described orphan GPCRs (Fig. 

2.16a, c) 37,133. Both ECL2 and the neighboring TM sites are abundant with titratable residues in 

contrast to self-activating orphans and GPCRs that bind small molecule and peptide ligands133. 

However, there are minimal pockets present in these structures (GPR4: 114 Å3, GPR65: 110 Å3, 

GPR68: 188 Å3) comparable to about one third the size of aminergic GPCRs like 𝛽2AR (370 Å3) 



 
 

80 
 

(Fig. 2.16d). These are likely occupied by water molecules, but the presence of these pockets 

distinctly leaves open the possibility of an undiscovered endogenous stimulus other than protons 

for these receptors.  

 

GPR68 activation network is distributed across the extracellular side of the receptor and 

proceeds through canonical GPCR activation motifs 

The combination of our DMS and structural data provides a complete and detailed picture of the 

mechanism of proton-sensing GPCR activation. To visualize this, we focused on variants that 

retained surface expression (Fig. 2.4a). Retaining surface expression was defined as having a 

surface expression fitness value of greater than -0.5. This removes variants that have defective 

folding and biogenesis, which most often are caused by introducing charged or aromatic amino 

acids into the center of TM helices. With the variants that retained surface expression, we 

calculated each position's “importance” for pH activated cAMP signaling (Fig. 2.4b). We 

calculated this per sequence position by summing the absolute value of the fitness score for each 

surface expressed variant. We then used this importance score to color and display the top 15% 

most important amino acids on the structure of GPR68 (Fig. 2.4c). This allowed us to visualize 

positions that have the largest effect on receptor activation.  

 

From the combination of our DMS and structural data, the activation mechanism of GPR68 

immediately stands out. There is an expansive network of residues primarily composed of 

aspartates, glutamates, histidines, arginines, and tyrosines, that are important for proton activation 

(Fig. 2.4c-e). These residues are found spanning what would be the canonical ligand binding and 

ligand entry pathway in other Class A GPCRs. Notably these residues are partially to completely 
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protected from solvent, and titratable residues that are completely solvent exposed have less 

importance. This network begins with a cluster of titratable residues near TM1 and TM7, including 

H201.31 and H2697.36 (Fig. 2.4d). In the center of the receptor, the network is bifurcated by a 

glutamate E174ECL2 which interacts with R2516.58 and Y1023.33 at the base of the distributed 

network (Fig. 4e). Below Y1023.33, the network narrows to a conserved histidine H2456.53, 

hallmark GPCR activation motifs like the DPxxY motif and DRY motif, and G protein contacts 

(Fig. 2.4g,f) 134. 

 

GPR68 DMS reveals position-specific mutational effects on proton sensing 

We next sought to understand the details of how specific perturbations to this distributed network 

tunes proton sensing. To do this we returned to the most important acidic and basic residues (Fig. 

2.5a-c). First looking at histidines, we noticed charge-dependent trends (Fig. 2.5d). H201.31 

mutations increase fitness when changed to a positively charged residue and decrease fitness when 

changed to a neutral or negatively charged residue. This trend holds for neutral and negatively 

charged residues when mutations are assayed in the GloSensor cAMP production assay (Fig. 5g). 

The same trend is true for H2697.36. This suggests that both are protonated during receptor 

activation. In contrast, H842.67 shows the opposite trend. Negative residues increase fitness, while 

others decrease. This suggests this residue is not protonated during activation and that the pH50 of 

GPR68 could be made more potent by the substitution of an acidic residue at this position. Second, 

glutamate mutations can result in loss-of-function (E255ECL3) and gain-of-function (E164ECL2) in 

addition to charge-dependent (E1604.64) changes like those seen with histidine (Fig. 2.5e,h).  Third, 

arginines have a wide range of activation importance. Despite being deeply buried, R1895.42 can 

tolerate mutations to asparagine and histidine and other mutations have minor decreases in fitness. 
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In contrast, any mutation to R2516.58 strongly decreases activation (Fig 2.5f,i). Mapping the effects 

of change in charge of residues with their neighboring residues allows inference of protonation 

giving rise to activation and provides informative mechanistic detail.  

 

All three proton sensors activate through a disturbed mechanism with homologous tuning 

sites 

Using our GPR68 network and learned key sites, we sought to extrapolate the mechanism to the 

other family members, GPR4 and GPR65. Similar to GPR68, most mutations made to titratable 

residues at homologous positions to GPR4 and GPR65 cause a decrease in pH50 (Table 2.1, Table 

2.2, Table 2.3). This supports a distributed mechanism of activation for the entire family. 

 

We also probed three important sites in GPR68 in the other two receptors. Having learned the 

charge dependence of GPR68 H2697.36, we tested the homologous set of mutations for GPR4 and 

GPR65. Indeed, we see that at this site, positive charge increases the potency of proton sensing 

and neutral or negative charge decreases potency despite deviations in neighboring residues 

between the receptors (Fig. 2.6 a,b). Next, we examined the acidic ECL2 residue that bifurcates 

the distributed proton sensing network. This site appears to be critical for proton activation for 

both GPR65 and GPR68, and mutations here are among the most deleterious to pH50 and Emax 

(Fig. 2.6 c,d) although they have less of an effect on GPR4. Finally, we examined the most buried 

charged residue in these receptors, E4.53. This buried glutamate is in the middle of TM4 and is far 

from both extracellular solvent and the intracellular G protein binding pocket. This is a highly 

unusual and energetically unfavorable location. When mutated to glutamine, we observed different 

effects between the receptors (Fig. 2.6 e,f). GPR4 E145Q4.53 has almost no change. GPR65 
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E142Q4.53 increases pH50 by 0.1 and GPR68 E149Q4.53 increases pH50 by a full pH unit. This 

highlights both the subtle effects amino acid differences between these receptors have on the pH50 

difference between them and that the unique proton sensing ability of these GPCRs emerges from 

their distributed electrostatic network. 

 

2.4 Discussion  

The proton-sensing GPCRs, GPR4, GPR65, and GPR68 play critical roles regulating diverse 

biology in the nervous, immune, and cardiovascular systems in response to acidic pH. Our study 

provides a comprehensive understanding of the proton-sensing mechanism of these GPCRs, 

revealing a distributed network of residues that contribute to the emergent property of proton 

sensing. This finding provides a new framework for understanding proton-sensing membrane 

proteins beyond the traditional hotspot model.  

 

Our data suggests that the proton-sensing mechanism of these GPCRs is not localized to a single 

site, but rather is distributed across the entire extracellular half to the receptors. This distributed 

proton-sensing network is primarily composed of aspartates, glutamates, histidines, arginines, and 

tyrosines, which are found spanning what would be the canonical ligand binding pocket and ligand 

entry pathway in other Class A GPCRs. Notably, these residues are partially to completely 

protected from solvent creating increased energetic differences between the protonated and 

unprotonated states 135,136. This network of residues is structurally contiguous with hallmark GPCR 

activation motifs and G protein contacts providing a visualization of residues important for proton 

sensor activation from extracellular loops to intracellular G protein contacts.  
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Through the combination of DMS and cryo-EM, our study provides a detailed picture of the 

distributed activation mechanism of proton-sensing GPCRs. This mechanistic understanding could 

have significant implications for the development of novel modulators targeting these receptors 

and provides a new model to apply to future studies of proton-sensing membrane proteins. 
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2.5 Figures 

 

Figure 2.1 Proton-sensing GPCRs sense protons through a distributed mechanism 
a) Proton-sensing GPCRs have been hypothesized to initiate Gs protein signaling in response to 
decreases in pH based on two potential mechanisms, “hotspot” sensing or “distributed” sensing. 
The hotspot hypothesis posits protonation of amino acids at a single site causes activation, 
analogous to traditional ligand binding models. The distributed hypothesis posits that protonation 
of amino acids at several sites causes activation. b) cAMP production assay showing the proton-
sensing GPCRs, GPR4, GPR65, and GPR68, respond to decreasing pH.  dose response curves 
showing proton activation for each proton sensor, GPR4, GPR65, and GPR68. c) Extracellular 
segments of GPR68 exchanged onto GPR4 are insufficient to convert the pH50 of GPR4 to the 
pH50 of GPR68. This result refutes the hotspot mechanism and supports the distributed mechanism 
of proton sensing. Data are pH50 from three independent biological replicates ± s.d. 
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Figure 2.2 Deep Mutational Scan of GPR68  
a) Schematic of cAMP reporter system used for DMS. The GPR68 DMS library was integrated 
into stable cells using DIMPLE. Receptor stimulation is detected as a fluorescent output by 
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transcription of eGFP downstream of cAMP response element-binding protein (CREB) and the 
addition of trimethoprim (TMP) to inhibit the basal degradation of eGFP.  b) Representative flow 
traces of GPR68 cAMP reporter fluorescence at screened pH conditions. eGFP +/- gate is shown 
as a dotted line which was used to generate the dose-response curve in c. c) pH dose-response 
curves for GPR68 WT +/- 30uM Ogerin. Arrows indicate conditions screened, individual traces 
are shown in b. d) Heatmap of DMS fitness values for GPR68 at pH 5.5. WT sequence is shown 
above each section of heatmap, mutations are indicated on the left axis of each section, and the 
position along the WT sequence is indicated by the numbers below each section. Positions and 
mutations with no data are shown as gray, and the WT amino acid at each position has a green 
border. Cutoffs for transmembrane helices, loops obtained from GPCRdb. Fitness scores are 
relative to WT and were calculated using Enrich2. Increased fitness (more blue) indicates 
increased cAMP signaling relative to WT and decreased fitness (more red) indicates decreased 
cAMP signaling relative to WT. Scores above/below the 1st/99th percentile are shown as the value 
of the 1st/99th percentile. Data are fitness values from three biologically independent deep 
mutational scans. 
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Figure 2.3 Structures of active proton-sensing GPCRs at pH 6 
a) Cryo-EM density maps of GPR4, GPR65, and GPR68. GPR4 and GPR65 are fused to miniG𝛼s, 
and GPR68 is fused to miniG𝛼q. All three are bound to G𝛽𝛾 and the stabilizing nanobody Nb35. 
b) Ribbon model of GPR4, GPR65, and GPR68 active G protein complexes. c) View of the 
extracellular halves of GPR4, GPR65, and GPR68 with transmembrane (TM) helices and 
extracellular loops (ECLs) labeled and titratable residues shown as sticks. The three proton 
receptors have nearly identical active-state backbone conformations. The three proton receptors 
share conserved titratable residues in TM4, TM5, TM6, and ECL2 but diverge elsewhere. 
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Figure 2.4 GPR68 activation network is distributed across the extracellular side of the 
receptor and proceeds through canonical GPCR activation motifs 
a) Scatter plot of surface expression vs pH 5.5 fitness. Data points with greater than zero surface 
expression fitness and less than zero pH 5.5 fitness are expressed similar to or better than wild-
type GPR68 but have lower cAMP signaling. b) Activation importance (summed absolute value 
of fitness per position) from A colored white to red. Red indicates relatively more important 
positions and white is less important. c) Structure of GPR68 with the top 15% importance (absolute 
fitness) scores from the pH 5.5 DMS. Positions with the largest importance are distributed across 
the extracellular side of the receptor (d, e) indicating proton-sensing is distributed amongst these 
residues. The canonical GPCR activation motifs - DPxxY (g), DRY (f) - and G protein contacts 
(f) are also among the most important sites for cAMP signaling. 
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Figure 2.5 DMS reveals position-specific mutational effects on proton sensing 
a-c) Top views of GPR68 structure with amino acids colored by activation importance value and 
different residue types show as spheres - a) histidines b) glutamate c) arginine. d-f) Fitness 
values for specific residues across DMS assay conditions and mutations d) H201.31 has increased 
fitness when mutated to basic residues while others are neutral or decrease fitness. H2697.36 has 
increased fitness when mutated to H269K7.36 while others are neutral or decrease fitness. e) 
E1604.64 is permissive to most mutations, except alanine. E255ECL3 coordinates with R2516.58 and 
mutations decrease activation. f) R1895.42 is deeply buried and intolerant to mutation expect for 
histidine and asparagine, which are seen in other GPCRs at this position. R2516.58 mutations 
decrease fitness regardless of amino acid identity. g) cAMP production assay showing the pH 
response of H201.31 mutants. H20R1.31, H20N1.31, and H20D1.31 decrease pH50. h) cAMP 
production Emax and pH50 values for E160A4.64 and E255AECL3. i) cAMP production assay 
showing the pH response of R251A6.58 and R251D6.58. 
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Figure 2.6 All three proton sensors activate through a distributed mechanism with 
homologous tuning sites 
a) Close up structural view of position 7.36 for GPR4, GPR65, and GPR68. Residues within 5 Å 
of the amino acid at 7.36 are shown. GPR4 contains H2697.36 with three neighboring acidic 
residues. GPR65 contains R2737.36 with two neighboring acidic residues. GPR68 contains H2697.36 

with one neighboring acidic and basic residue. b) cAMP production assay showing the pH 
response of mutations at position 7.36 for GPR4, GPR65, and GPR68. Generally, basic residues 
increase, neutral residues slightly decrease, and acidic residues most strongly decrease pH50. c) 
Close up structural view of the shared acidic ECL2 at the center of the canonical ligand pocket for 
GPR4, GPR65, and GPR68, which is two positions past the conserved ECL2 disulfide in Class A 
GPCRs. Residues within 5 Å of the ECL2 acidic residue are shown. GPR4 contains E170ECL2  with 
two neighboring basic residues and two tyrosines. GPR65 contains D172ECL2 with two neighboring 
basic residues and one tyrosine. GPR68 contains E174ECL2  with two neighboring basic residues 
and three tyrosines. d) cAMP production assay showing the pH response of mutations at the ECL2 
position for GPR4, GPR65, and GPR68. Mutations to an amide or alanine decrease pH50 for 
GPR65 and GPR68. e) Close up structural view of position 4.53 for GPR4, GPR65, and GPR68. 
Residues within 5 Å of the amino acid at 4.53 are shown. GPR4 contains E1454.53 with one 
neighboring asparagine. GPR65 contains E1424.53 with one neighboring asparagine and serine. 
GPR68 contains E1494.53 with two neighboring neutral, one basic, and one acidic residues f) cAMP 
production assay showing the pH response of mutations at the ECL2 position for GPR4, GPR65, 
and GPR68. Mutations to glutamine decrease pH50 for GPR4 while increasing pH50 for GPR65 
and GPR68. This highlights the differential effects of the homologous tuning sites between these 
receptors. 
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Figure 2.7 cAMP production of GPR4-GPR68 chimeras 
a-d) cAMP production assay showing proton activation for GPR4-GPR68 chimeras. All 
extracellular segments of GPR68 exchanged onto GPR4 are necessary to convert the proton 
response of GPR4 to the proton response of GPR68. Three or less segments is insufficient. Data 
are representative technical replicates from three independent biological replicates ± s.d. 
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Figure 2.8 DMS workflow schematic 
Briefly, we use DIMPLE to generate a library including insertion, missense, synonymous, and 
deletion variants at all positions of GPR68, we generate stable HEK293 cell lines, sort these cells 
based on surface-expression using FACS, perform deep sequencing of these subpopulations, and 
calculate surface expression fitness scores using Enrich2.   
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Figure 2.9 DMS heatmap of surface expression 
Heatmap of DMS fitness values for GPR68 a) surface expression, b) pH 6, c) pH 6.5. WT 
sequence is shown above each section of heatmap, mutations are indicated on the left axis of 
each section, and the position along the WT sequence is indicated by the numbers below each 
section. Positions and mutations with no data are shown as gray, and the WT amino acid at each 
position has a green border. Fitness scores are relative to WT and were calculated using Enrich2. 
Increased fitness (more blue) indicates increased surface expression or signaling relative to WT 
and decreased fitness (more red) indicates decreased surface expression or signaling relative to 
WT. Scores above/below the 1st/99th percentile are shown as the value of the 1st/99th percentile. 
Data are fitness values from three biologically independent deep mutational scans.  
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Figure 2.10 Cryogenic electron microscopy processing of GPR4 Gs pH 6  
a) A representative motion-corrected cryogenic electron microscopy (cryo-EM) micrograph 
obtained from a Titan Krios microscope. b) A subset of highly populated, reference-free 2D-
class averages. c) Schematic showing the cryo-EM data processing workflow. Initial processing 
was performed using UCSF MotionCor2 and cryoSPARC. Particles were selected using iterative 
Heterogeneous refinement jobs followed by 2D classification. Finally, particles were processed 
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using the local refinement job type with a 7TM mask. Dashed boxes indicated selected classes. 
d) Gold-standard Fourier Shell Correlation (GSFSC) curve for final full-particle map computed 
in cryoSPARC. e) Euler angle distribution of final full-particle map computed in cryoSPARC. f) 
Side view and top view of local resolution for the final full-particle map of GPR4-Gs pH 6 
complex computed with local resolution in cryoSPARC. g) Side view and top view of local 
resolution for the focused 7TM map of GPR4-Gs pH 6 complex computed with local resolution 
in cryoSPARC.  
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Figure 2.11 Cryogenic electron microscopy processing of GPR65 Gs pH 6 
a) A representative motion-corrected cryogenic electron microscopy (cryo-EM) micrograph 
obtained from a Titan Krios microscope. b) A subset of highly populated, reference-free 2D-class 
averages. c) Schematic showing the cryo-EM data processing workflow. Initial processing was 
performed using UCSF MotionCor2 and cryoSPARC. Particles were transferred using the pyem 
script package to RELION for alignment-free 3D classification. Finally, particles were processed 
in cisTEM using the manual refinement job type with a 7TM mask followed by a full particle 
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mask. Dashed boxes indicated selected classes. d) Gold-standard Fourier Shell Correlation 
(GSFSC) curve for final full-particle map computed in cryoSPARC. e) Euler angle distribution of 
final full-particle map computed in cryoSPARC. f) Side view and top view of local resolution for 
the final full-particle map of GPR65-Gs pH 6 complex computed with local resolution in 
cryoSPARC. g) Side view and top view of local resolution for the focused 7TM map of GPR65-
Gs pH 6 complex computed with local resolution in cryoSPARC. 
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Figure 2.12 Cryogenic electron microscopy processing of GPR68 Gq pH 6 
a) A representative motion-corrected cryogenic electron microscopy (cryo-EM) micrograph 
obtained from a Titan Krios microscope. b) A subset of highly populated, reference-free 2D-class 
averages. c) Schematic showing the cryo-EM data processing workflow. Initial processing was 
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performed using UCSF MotionCor2 and cryoSPARC. Particles were transferred using the pyem 
script package to RELION for alignment-free 3D classification. Finally, particles were processed 
in cisTEM using the manual refinement job type with a 7TM mask. Dashed boxes indicated 
selected classes. d) Gold-standard Fourier Shell Correlation (GSFSC) curve for final full-particle 
map computed in cryoSPARC. e) Euler angle distribution of final full-particle map computed in 
cryoSPARC. f) Side view and top view of local resolution for the final full-particle map of GPR68-
Gq pH 6 complex computed with local resolution in cryoSPARC. g) Side view and top view of 
local resolution for the focused 7TM map of GPR68-Gq pH 6 complex computed with local 
resolution in cryoSPARC. 
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Figure 2.13 Cryogenic electron microscopy processing of GPR68 Gs pH 6 
a) A representative motion-corrected cryogenic electron microscopy (cryo-EM) micrograph 
obtained from a Titan Krios microscope. b) A subset of highly populated, reference-free 2D-class 
averages. c) Schematic showing the cryo-EM data processing workflow. Initial processing was 
performed using UCSF MotionCor2 and cryoSPARC. Particles were transferred using the pyem 
script package to RELION for alignment-free 3D classification. Finally, particles were processed 
in cisTEM using the manual refinement job type with a 7TM mask followed by a full particle 
mask. Dashed boxes indicated selected classes. d) Gold-standard Fourier Shell Correlation 
(GSFSC) curve for final full-particle map computed in cryoSPARC. e) Side view and top view of 
local resolution for the final full-particle map of GPR68-Gs pH 6 complex computed with local 
resolution in cryoSPARC. 
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Figure 2.14 Cryogenic electron microscopy processing of GPR68 Gq pH 6 
a) A representative motion-corrected cryogenic electron microscopy (cryo-EM) micrograph 
obtained from a Titan Krios microscope. b) A subset of highly populated, reference-free 2D-class 
averages. c) Schematic showing the cryo-EM data processing workflow. Initial processing was 
performed using UCSF MotionCor2 and cryoSPARC. Particles were transferred using the pyem 
script package to RELION for alignment-free 3D classification. Finally, particles were processed 
in cisTEM using the manual refinement job type with a 7TM mask. Dashed boxes indicated 
selected classes. d) Gold-standard Fourier Shell Correlation (GSFSC) curve for final full-particle 
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map computed in cryoSPARC. e) Euler angle distribution of final full-particle map computed in 
cryoSPARC. f) Side view and top view of local resolution for the final full-particle map of GPR68-
Gq pH 6 with 10 µM Co2+ complex computed with local resolution in cryoSPARC. g) Side view 
and top view of local resolution for the focused 7TM map of GPR68-Gq pH 6 with 10 µM Co2+ 
complex computed with local resolution in cryoSPARC. 
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Figure 2.15 Cryogenic electron microscopy processing of GPR68 Gq pH 7.5 with 10 µM 
Co2+  
a) A representative motion-corrected cryogenic electron microscopy (cryo-EM) micrograph 
obtained from a Titan Krios microscope. b) A subset of highly populated, reference-free 2D-class 
averages. c) Schematic showing the cryo-EM data processing workflow. Initial processing was 
performed using UCSF MotionCor2 and cryoSPARC. Particles were transferred using the pyem 
script package to RELION for alignment-free 3D classification. Finally, particles were processed 
in cisTEM using the manual refinement job type with a 7TM mask. Dashed boxes indicated 
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selected classes. d) Gold-standard Fourier Shell Correlation (GSFSC) curve for final full-particle 
map computed in cryoSPARC. e) Euler angle distribution of final full-particle map computed in 
cryoSPARC. f) Side view and top view of local resolution for the final full-particle map of GPR68-
Gq pH 7.5 with 10 µM Co2+ complex computed with local resolution in cryoSPARC. g) Side view 
and top view of local resolution for the focused 7TM map of GPR68-Gq pH 7.5 with 10 µM Co2+ 
complex computed with local resolution in cryoSPARC. 
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Figure 2.16 Comparison of ECL2 between proton-sensing GPCRs, prototypical peptide-
binding GPCRs, and orphan GPCRs 
a-c) Top view of GPCR ECL2s with TMs show as transparent helices and ECL2s shown as 
opaque. a) Proton sensor ECL2s have 𝛽-hairpin fold that partially occupies canonical ligand 
binding site, which is a hybrid between prototypical peptide GPCRs and self-activating orphan 
GPCRs. b) Top view of NK1R bound to Substance P (PDB: 7RMG130), µOR bound to DAMGO 
(PDB: 8EFQ137), and SSTR2 bound to somatostatin (PDB 7T10138). Prototypical Class A peptide-
activated GPCRs often have an ECL2 with a 𝛽-hairpin and a large open binding pocket with 
outward displacement of TM7 to accommodate the peptide ligand 132. c) Top view of the self-
activating orphan GPCRs, GPR161 (PDB: 8SMV 133), GPR52 (PDB: 6LI3126), and GPR21 (PDB: 
127). The ECL2 of prototypical self-activating orphan GPCRs occlude canonical ligand binding 
sites, have cis-interactions with TM helices, and no outward deflection of TM7. d) The proton-
sensing GPCRs have cavities that could be the site of undiscovered endogenous ligand binding. 
These pockets are highly charged and are comparable in size to aminergic GPCRs like 𝛽2AR 
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(PDB: 4LDO 128). Cavities calculated with PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC. 
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2.6 Tables 

Table 2.1 GPR4 mutation parameters 

Receptor Basal RLU Emax (Fold) pEC50 Hill 
GPR4 WT 213.3 ± 20.5 39.1 ± 3.7 8.01 ± 0.01 4.20 ± 0.24 
GPR4 H16D 364.3 ± 114.9 40.4 ± 5.6 7.80 ± 0.01 3.32 ± 0.23 
GPR4 H16N 303.1 ± 113.1 51.7 ± 6.6 7.85 ± 0.01 3.88 ± 0.20 
GPR4 H16R 204.1 ± 47.5 65.8 ± 10.4 7.75 ± 0.01 3.34 ± 0.15 
GPR4 E145Q 943.8 ± 83.6 5.7 ± 0.3 8.27 ± 0.02 3.65 ± 0.35 
GPR4 E170A 582.7 ± 78.5 8.2 ± 1.0 8.02 ± 0.04 2.24 ± 0.08 
GPR4 E170Q 522.3 ± 66.7 16.4 ± 1.4 7.98 ± 0.00 2.28 ± 0.16 
GPR4 R247A 246.1 ± 29.4 21.9 ± 1.9 7.81 ± 0.03 2.53 ± 0.07 
GPR4 R247D 241.6 ± 66.9 19.7 ± 7.3 7.49 ± 0.01 1.81 ± 0.17 
GPR4 H269D 127.0 ± 20.6 117.4 ± 21.4 7.55 ± 0.03 3.01 ± 0.17 
GPR4 H269N 122.6 ± 12.5 111.2 ± 11.0 7.72 ± 0.01 4.21 ± 0.17 
GPR4 H269K 181.2 ± 9.1 60.2 ± 3.4 7.85 ± 0.01 3.35 ± 0.12 
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Table 2.2 GPR65 mutation parameters 
Receptor Basal RLU Emax (fold) pEC50 Hill 
GPR65 109.3 ± 11.2 79.9 ± 10.5 7.39 ± 0.03 4.31 ± 0.28 
GPR65 H13D 180.2 ± 20.0 71.4 ± 4.7 7.12 ± 0.03 2.10 ± 0.08 
GPR65 H13N 198.8 ± 17.4 40.6 ± 3.7 7.11 ± 0.03 1.94 ± 0.10 
GPR65 H13R 149.4 ± 10.1 46.1 ± 3.7 7.04 ± 0.03 2.22 ± 0.09 
GPR65 Y95F 169.5 ± 12.2 57.1 ± 5.1 7.18 ± 0.02 3.37 ± 0.13 
GPR65 E142Q 337.0 ± 44.4 25.0 ± 2.8 7.50 ± 0.01 3.68 ± 0.13 
GPR65 D172A 149.0 ± 33.7 10.0 ± 2.5 7.25 ± 0.02 2.08 ± 0.11 
GPR65 D172N 666.7 ± 299.8 15.6 ± 3.2 6.99 ± 0.03 1.71 ± 0.07 
GPR65 R249A 162.9 ± 22.5 39.8 ± 18.3 6.57 ± 0.02 4.88 ± 0.19 
GPR65 R249D 86.4 ± 13.7 13.9 ± 3.9 6.97 ± 0.10 1.23 ± 0.07 
GPR65 R273D 210.4 ± 24.7 29.6 ± 4.9 6.46 ± 0.03 3.08 ± 0.13 
GPR65 R273H 1031.2 ± 142.7 5.6 ± 0.5 7.40 ± 0.04 1.72 ± 0.05 
GPR65 R273N 438.9 ± 84.8 16.7 ± 3.6 6.80 ± 0.06 1.69 ± 0.09 
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Table 2.3 GPR68 mutation parameters 
 

Receptor Basal RLU Emax (fold of basal) pEC50 Hill 
WT 95.2 ± 1.2 46.0 ± 1.3 6.66 ± 0.00 4.16 ± 0.07 
H20D 83.3 ± 1.9 46.6 ± 1.5 6.52 ± 0.00 3.43 ± 0.04 
H20N 77.2 ± 2.8 43.5 ± 2.3 6.45 ± 0.02 2.96 ± 0.03 
H20R 80.8 ± 0.8 40.0 ± 1.0 6.55 ± 0.01 3.29 ± 0.09 
E149Q 186.6 ± 74.7 27.4 ± 2.6 7.41 ± 0.05 2.60 ± 0.32 
E174A 102.0 ± 1.3 23.6 ± 1.3 6.73 ± 0.01 2.76 ± 0.10 
E174Q 93.3 ± 4.2 18.0 ± 1.2 6.16 ± 0.01 2.69± 0.05 
R251A 113.6 ± 5.2 23.0 ± 1.6 5.84 ± 0.01 2.88 ± 0.12 
R251D 116.4 ± 7.0 17.1 ± 1.6 5.77 ± 0.00 3.06 ± 0.01 
H269D 104.3 ± 3.1 44.3 ± 1.5 6.34 ± 0.01 2.94 ± 0.06 
H269K 115.9 ± 58.8 28.2 ± 7.4 6.87 ± 0.03 2.59 ± 0.11 
H269N 99.4 ± 3.0 53.5 ± 3.0 6.46 ± 0.01 2.71 ± 0.09 
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2.7 Materials and Methods 

GloSensor cAMP assays  

Proton-sensing GPCR Gs activation and cAMP production were determined using the GloSensor 

cAMP assay. The following method was adopted from a previously published procedure 129 with 

minor modifications. In detail, HEK293T cells were maintained and cotransfected with receptor 

DNA and GloSensor cAMP reporter plasmids in DMEM containing 10% FBS. Overnight 

transfected cells were plated in PLL coated 384-well white clear-bottom plates in DMEM 

supplemented with 1% dialyzed fetal bovine serum (dFBS), about 15,000 cells in 40 μL per well, 

for a minimum of 6 h up to 24 h. To prepare for the assays, cells were removed of culture medium 

(gently shaking off) and incubated for 1 h at 37 °C with 20 μL per well of loading buffer (1x 

Calcium- and Magnesium-free HBSS, 20 mM TAPS, pH 8.40) containing 2 mM luciferin and 10 

μM PDE inhibitor Ro 20-1724. Buffers were prepared in 1x Calcium- and Magnesium-free HBSS 

supplemented with different organic buffer agents for different pH ranges, 20 mM MES for pH 

5.00–6.60, 20 mM HEPES for pH 6.70–8.20, and 20 mM TAPS for pH 8.30–8.60. Fresh buffers 

were prepared each day to use within 24 h, and pH was adjusted with KOH at room temperature. 

PDE inhibitor Ro 20-1724 was added to working solutions to maintain the final concentration of 

10 μM. To stimulate cells with desired pH solutions, cells were first removed of luciferin loading 

solutions (gently shaking off) and added with 25 μL per well of buffer solutions. The cell plate 

was incubated at room temperature for 20 min before luminescence was counted.  

 

GPR68 deep mutational scanning library generation and cloning 

The DIMPLE platform 124 was used to generate a list of oligonucleotide primers to target the 

wildtype sequence of GPR68 and we followed their protocol for generating the library. We 
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designed this library to include all missense mutations, single amino acid deletions at each 

position, and synonymous mutations at each position along the gene. These oligos were ordered 

as a SurePrint Oligonucleotide library (Agilent Technologies). This DNA was resuspended and 

the sublibrary fragments were amplified using PrimeStar GXL DNA polymerase and fragragment-

specific primers. These reactions were subjected to PCR cleanup using Clean and Concentrate kits 

(Zymo Research). The sequence of GPR68 WT was synthesized by Twist Bioscience in their High 

Copy Number Kanamycin backbone, BsmBI and BsaI cutsites were removed. For each library 

fragment, this plasmid was amplified to add BsaI sites, and the corresponding oligo sublibrary 

were assembled using BsaI-mediated Golden Gate assembly. These reactions were cleaned and 

transformed into MegaX DH10B cells and added to 30mL LB+Kan and grown while shaking until 

they reached OD 0.6. DNA was isolated by midiprep (Zymo Research). Each sublibrary was 

quantified using Qubit HS and pooled in equimolar ratios. This pooled library was then assembled 

into our landing pad compatible cAMP reporter vector containing a GSGSGS-P2A-PuroR 

cassettes for positive selection.  

 

Cell line generation and cell culture 

Cell lines for GPR68 WT and the GPR68 mutational library were generated as previously 

described124. The HEK 293T LLP-iCasp9 cells used in this study were a gift from Doug Fowler’s 

lab. To make cell lines, 1ug of DNA was cotransfected with 1ug BxB1 recombinase (pCAG-NLS-

BxB1) using 3.75uL lipofectamine 3000 and 5uL P3000 reagent in 6 wells of a 6 well plate. For 

GPR68 WT, 2 wells were transfected and pooled following selection. For the GPR68 library, 12 

wells were transfected in parallel. Cells were cultured in “D10” media (DMEM, 10% dialyzed 

FBS, 1% sodium pyruvate, and 1% penicillin/streptomycin). The landing pad in the cell line 
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contains a Tet-on promoter upstream of the BxB1 recombination site and a split rapamycin analog 

inducible dimerizable Casp-9. Two days after transfection, we induce with doxycycline and treat 

with AP1903, 10nM. Recombined cells have shifted the iCasp-9 cassette out of frame, recombined 

cells will express the cassette and upon treatment with AP1903 die from iCasp-9 induced 

apoptosis. Cells were selected for 2 days in AP1903 after which they were transitioned back to 

D10 supplemented with doxycycline. After two days of recovery, cells were transitioned to D10 

supplemented with both doxycycline and puromycin to select for cells that have proper in-frame 

and full-length assemblies. Following selection by puromycin for two days, cells were transitioned 

to D10 and expanded before freezing down or using in subsequent assays. 

 

Flow cytometry, fluorescence activated cell sorting 

For flow-based assays and cell sorting, frozen stocks of cells were thawed and allowed to recover 

for several days in D10 media. 48h prior to starting the experiment, cells were split into an 

appropriate sized dish such that they reach 75% confluency by the start of the assay. 36h prior to 

starting the assay, cells were induced with doxycycline. Doxycycline was subsequently washed 

out after 24h and cells were maintained in D10 for the remaining 12h prior to starting. For the pH 

and pH + 30uM ogerin conditions, the pH of D10 media was adjusted using HCl on the same day 

as the assay. The cAMP assay was run as follows: cells were swapped to D10 (at indicated pH) 

with trimethoprim for 8h. After this incubation, cells were detached using TrpyLE Express, 

washed, and resuspended in BD FACS buffer. The surface expression assay was run similarly, 

cells were simply detached using TrypLE after induction, stained with M2 FLAG APC-Surelight 

antibody (Abcam), washed, and then kept covered on ice until running. Flow cytometry was 

performed using a Cytoflex, and cell sorting was performed using a Cytoflex SRT. Briefly, cells 
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were gated on FSC-A and SSC-A to separate HEK293T while cells, then FSC-A and FSC-H to 

find single cells. For the cAMP assay, we assessed activity using eGFP on the FITC-A channel, 

and for surface expression assays, the APC-A. For the cAMP sorting experiments, the population 

was split into four roughly equal populations (% cells) based on the most active condition, pH 5.5 

+ 30uM Ogerin. These gates were maintained for all subsequent samples. For surface expression 

assays, the population was largely bimodal, and we gated using the peaks of each distribution and 

the intervening trough. For sorting experiments we aimed to collect cells equal or greater than 

100x the expected number of variants in our library. 

 

Mutational scanning data analysis 

Following sorting, genomic DNA was extracted from each sample using a Micro kit from Zymo. 

We quantified the extracted DNA and used the cell_line_for_5 and P2A_cell_line_rev primers to 

amplify our gene as previously described138. PCR reactions were cleaned and concentrated and run 

on an agarose gel. Bands corresponding to our amplicon were extracted and purified. Amplicons 

were quantified using Qubit HS and 1ng of each was prepared for sequencing using the Nextera 

XT DNA kit from Illumina. Samples were indexes using the IDT for Illumina UD indices set C. 

SPRI select beads at a 0.9x ratio were used for cleanup and size selection of the final libraries, and 

the tagmented library was analyzed using a D5000 HS kit on an Agilent Tapestation. After 

confirming the libraries were properly tagmented, they were quantified using Qubit HS and then 

pooled for sequencing on a NovaSeq 6000 SP flow cell in pained end mode.  
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Expression and purification of proton sensor active-state complexes 

The human GPR4, GPR65, and GPR68 genes with an N-terminal influenza hemagglutinin signal 

sequence and Flag epitope tag were cloned into a pcDNA3.1/Zeo vector containing a tetracycline 

inducible cassette. The miniG proteins (miniGs399 for GPR4 and GPR65 and miniGs/q70 for 

GPR6833) were fused to the C terminus of each proton sensor preceded by a glycine/serine linker 

and rhinovirus 3C protease recognition site. The resulting fusion constructs were transfected into 

inducible Expi293F-TetR cells (Thermo Fisher) using the ExpiFectamine transfection reagent per 

manufacturer instructions. After 18 h, protein expression was induced with 1 µg/mL doxycycline 

hyclate for 24 h before collection by centrifugation. Pelleted cells were washed with 50 mL 

phosphate buffered saline, pH 7.5 before storage at −80 °C. For receptor purification, frozen cells 

were hypotonically lysed in 20 mM MES, pH 6, 1 mM EDTA, 160 µg/mL benzamidine, 2 µg/mL 

leupeptin for 10 min at 25 °C. The membrane fraction was collected by centrifugation, and the 

fusion protein was extracted with 20 mM MES, pH 6, 300 mM NaCl, 1% (w/v) lauryl maltose 

neopentyl glycol (L-MNG, Anatrace), 0.1% (w/v) cholesteryl hemisuccinate (CHS, Steraloids), 2 

mM MgCl2, 2 mM CaCl2, 160 µg/mL benzamidine, 2 µg/mL leupeptin with dounce 

homogenization and incubation with stirring for one hour at 4 °C. The soluble fraction was 

separated from the insoluble fraction by centrifugation and was incubated in batch for 1 h at 4 °C 

with homemade M1–Flag antibody-conjugated Sepharose beads. Sepharose resin was then washed 

extensively with 20 mM MES, pH 6, 150 mM NaCl, 0.1% (w/v) L-MNG, 0.01% (w/v) CHS, 2 mM 

MgCl2, 2 mM CaCl2 and then with 20 mM MES, pH 6, 150 mM NaCl, 0.0075% (w/v) L-MNG, 

0.00075% (w/v) CHS, 2 mM MgCl2, 2 mM CaCl2 prior to elution with 20 mM MES, pH 6, 

150 mM NaCl, 0.0075% (w/v) L-MNG, 0.00075% (w/v) CHS, 5 mM EDTA, 0.2 mg/mL Flag 

peptide. Eluted protein was concentrated in a 100 kDa MWCO Amicon spin concentrator, and 
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injected onto a Superdex200 Increase 10/300GL (Cytiva) gel filtration column equilibrated in 

20 mM MES, pH 6, 150 mM NaCl, 0.0075% (w/v) L-MNG, 0.0025% glyco-diosgenin (GDN, 

Anatrace), and 0.0005% CHS. Monodisperse fractions were complexed with Gβ1γ2 heterodimer 

and Nb35 at 2 molar excess overnight at 4˚C. The next day, the heterotrimeric complex was 

concentrated with a 100 kDa MWCO spin concentrator and excess Gβ1γ2 and Nb35 was removed 

via size-exclusion chromatography, using a Superdex200 Increase 10/300 GL column (GE 

Healthcare) equilibrated in 20 mM MES pH 6, 150 mM NaCl, 0.00075% (w/v) L-MNG, 0.00025% 

(w/v) GDN, and 0.0001% CHS. Resulting heterotrimeric complex was concentrated with a 

100 kDa MWCO spin concentrator for preparation of cryo-EM grids. For GPR68 structures with 

Co2+, 10 µM Co2+ was added to all buffers. For GPR68 structure at pH 7.5, 20 mM HEPES pH 7.5 

was substituted for 20 mM MES pH 6. 

 

Expression and purification of Gβ1γ2 

Human Gβ1γ2 heterodimer was expressed in Trichoplusia ni Hi5 insect cells (Expression Systems) 

using a single baculovirus generated in Spodoptera frugiperda Sf9 insect cells (Expression 

Systems). A bicistronic pVLDual construct contained the Gβ1 subunit with a N-terminal 6 × His 

tag, and an untagged human Gγ2 subunit. For expression, Hi5 insect cells were transduced with 

baculovirus at a density of ~3.0 × 106 cells per mL, grown with 27 °C shaking at 130 rpm. 48 h 

post-transduction, cells were collected and washed in a hypotonic buffer containing 20 mM 

HEPES, pH 8.0, 5 mM β-mercaptoethanol (β-ME), and protease inhibitors (20 µg/mL leupeptin, 

160 µg/mL benzamidine). The membrane fraction was then separated by centrifugation and 

solubilized with 20 mM HEPES pH 8.0, 100 mM sodium chloride, 1.0% sodium cholate, 0.05% 

dodecylmaltoside (Anatrace), and 5 mM β-mercaptoethanol (β-ME). Solubilized Gβ1γ2 
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heterodimer was then incubated with HisPur Ni-NTA resin (Thermo Scientific) in batch. Bound 

Gβ1γ2 heterodimer was washed extensively and detergent was slowly exchanged to 0.1% (w/v) 

lauryl maltose neopentyl glycol (L-MNG, Anatrace) and 0.01% CHS before elution with 20 mM 

HEPES pH 7.5, 100 mM NaCl, 0.1% L-MNG, 0.01% CHS, 270 mM imidazole, 1 mM 

dithiothreitol (DTT), and protease inhibitors. Eluted Gβ1γ2 heterodimer was pooled and rhinovirus 

3C protease was added to cleave the N-terminal 6 × His tag during overnight dialysis in 20 mM 

HEPES pH 7.5, 100 mM NaCl, 0.02% L-MNG, 0.002% CHS, 1 mM DTT, and 10 mM imidazole. 

To remove uncleaved Gβ1γ2, dialysed material was incubated with HisPur Ni-NTA resin in batch. 

The unbound fraction was then incubated for 1 h at 4 °C with lambda phosphatase (New England 

Biolabs), calf intestinal phosphatase (New England Biolabs), and Antarctic phosphatase (New 

England Biolabs) for dephosphorylation. Final anion exchange chromatography was performed 

using a MonoQ 4.6/100 PE (Cytiva) column to purify only geranylgeranylated heterodimer. The 

resulting protein was pooled and dialysed overnight in 20 mM HEPES pH 7.5, 100 mM NaCl, 

0.02% L-MNG, and 100 µM TCEP, and concentrated with a 3 kDa centrifugal concentrator to a 

final concentration of 162 µM. Glycerol was added to a final concentration of 20%, and the protein 

was flash frozen in liquid nitrogen and stored at −80 °C until further use. 

Expression and purification of Nb35 

A pET-26b vector containing the Nb35 sequence with a carboxy-terminal Protein C affinity tag 

was transformed into BL21 Rosetta Escherichia coli cells (UC Berkeley QB3 MacroLab) and 

inoculated into 8 L of Terrific Broth supplemented with 0.1% glucose, 2 mM MgCl2, and 

50 µg/mL kanamycin. Cells were induced with 400 µM IPTG at A600 of 0.6 and allowed to 

express at 20 °C for 21 h. Collected cells were incubated SET Buffer (200 mM Tris pH 8.0, 

500 mM sucrose, 0.5 mM EDTA) in the presence of protease inhibitors (20 µg/mL leupeptin, 
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160 μg/mL benzamidine) and benzonase. To initiate hypotonic lysis, two volumes of deionized 

water were added to the cell mixture after 30 min of SET buffer mixing. Following lysis, NaCl 

was added to 150 mM, CaCl2 was added to 2 mM, and MgCl2 was added to 2 mM and lysate was 

centrifuged to remove the insoluble fraction. Supernatant was incubated with homemade anti-

Protein C antibody-coupled Sepharose. Nb35 was eluted with 20 mM HEPES pH 7.5, 100 mM 

NaCl, and 2 mM CaCl2, 0.2 mg/mL protein C-peptide, and 5 mM EDTA pH 8.0, concentrated in 

a 10 kDa MWCO Amicon filter and injected over a Superdex S75 Increase 10/300 GL column 

(Cytiva) size-exclusion chromatography column equilibrated in 20 mM HEPES pH 7.5, 100 mM 

NaCl. Monodisperse Nb35 fractions were pooled, concentrated, and flash frozen in liquid nitrogen 

for storage at −80 °C until further use. 

Cryo-EM vitrification, data collection and processing 

GPR4-Gs pH 6 complex 

The GPR4-Gs pH 6 complex was concentrated to 14 mg/mL supplemented with 0.05% CHAPS 

(Thermo Fisher) and 3 µL was applied onto a glow-discharged 300 mesh 1.2/1.3 gold grid covered 

in a holey gold film (UltrAufoil). Excess sample was removed with a blotting time of 4 s and a 

blotting force of 1 at 4 °C prior to plunge freezing into liquid ethane using a Vitrobot Mark IV 

(Thermo Fisher). A total of 9,018 movies were recorded with a K3 detector (Gatan) on a Titan 

Krios (Thermo Fisher) microscope operated at 300 keV with a BioQuantum post-column energy 

filter set to a zero-loss energy selection slit width set of 20 eV. Movies were recorded using dose-

fractionated illumination at a nominal magnification of 86,000x (physical pixel size of 0.86 

Å/pixel) and a defocus range of -1 to -2.1 µm for a total dose of 50.7 e-/Å2. Exposure areas were 

acquired with image shift collection using EPU (Thermo Fisher).  
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Movies of the GPR4-Gs pH 6 complex were motion-corrected and dose-fractionated using UCSF 

MotionCor2 75. Corrected micrographs were imported into cryoSPARC v3.1 76 for CTF estimation 

via the Patch Estimation job. Micrographs with estimated CTF fit resolution > 5 Å were removed 

before further processing. Templates for particle picking were generated from the same complex 

reconstructed from a previous 200 keV imaging session. Particle picking templates were low-pass 

filtered to 20 Å and used to pick 8,608,607 particles. After picking, particles were extracted in a 

288 pixel box and Fourier cropped to 48 pixels before 3D classification with alignment using a 20 

Å low-pass filtered reconstruction and three random reconstructures generated from a prematurely 

truncated ab initio reconstruction job, called “garbage collectors,” with the Heterogeneous 

Refinement job type. Two rounds of Heterogeneous Refinement yielded 2,501,915 particles that 

were re-extracted in the same box size cropped to 72 pixels and classified in a third Heterogeneous 

Refinement job. The resulting 1,453,906 particles were re-extracted in the same box cropped to 

144 pixels. A fourth round of Heterogeneous Refinement and 2D classification, yielded 878,077 

particles that were extracted without cropping. A final round of Heterogeneous Refinement yielded 

439,296 particles that were refined using the Non-Uniform Refinement job type giving the final 

full-particle map. Finally, local refinement using an inclusion mask covering the 7TM domain was 

performed, using poses/shift Gaussian priors with standard deviation of rotational and shift 

magnitudes limited to 3° and 2 Å, respectively. 

 

GPR65-Gs pH 6 complex 

The GPR65-Gs pH 6 complex was concentrated to 11 mg/mL supplemented with 0.05% CHAPS 

(Thermo Fisher) and 3 µL was applied onto a glow-discharged 300 mesh 1.2/1.3 gold grid covered 

in a holey gold film (UltrAufoil). Excess sample was removed with a blotting time of 4 s and a 
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blotting force of 1 at 4 °C prior to plunge freezing into liquid ethane using a Vitrobot Mark IV 

(Thermo Fisher). A total of 8,294 movies were recorded with a K3 detector (Gatan) on a Titan 

Krios (Thermo Fisher) microscope operated at 300 keV with a BioQuantum post-column energy 

filter set to a zero-loss energy selection slit width set of 20 eV. Movies were recorded using dose-

fractionated illumination at a nominal magnification of 105,000x (physical pixel size of 0.81 

Å/pixel) and a defocus range of -1 to -2.1 µm for a total dose of 46 e-/Å2. Exposure areas were 

acquired with image shift collection using SerialEM 3.843. 

Movies of the GPR65-Gs pH 6 complex were motion-corrected and dose-fractionated using UCSF 

MotionCor2 75. Corrected micrographs were imported into cryoSPARC v3.1 76 for CTF estimation 

via the Patch Estimation job. Micrographs with estimated CTF fit resolution > 5 Å were removed 

before further processing. Templates for particle picking were generated from the same complex 

reconstructed from a previous 200 keV imaging session. Particle picking templates were low-pass 

filtered to 20 Å and used to pick 8,673,428 particles. After picking, particles were extracted in a 

288 pixel box and Fourier cropped to 48 pixels before 3D classification with alignment using a 20 

Å low-pass filtered reconstruction and “garbage collectors” with the Heterogeneous Refinement 

job type. Two rounds of Heterogeneous Refinement yielded 2,588,765 particles that were re-

extracted in the same box size cropped to 74 pixels and classified in two Heterogeneous 

Refinement jobs. The resulting 1,637,819 particles were re-extracted in the same box cropped to 

150 pixels and further classified with two rounds of Heterogeneous Refinement and 2D 

classification. The resulting 1,055,443 particles were refined using the Non-Uniform Refinement 

job type. Particles were exported using csparc2star.py from the pyem script package77, and a mask 

covering the 7TM domain of GPR65 was generated using the Segger tool in UCSF ChimeraX78 

and the Volume Tools utility in cryoSPARC. The particles and mask were imported into Relion 
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v3.079 and classified in 3D without alignment through three separate iterations. Particles 

comprising the three highest resolution classes were reimported into cryoSPARC for Non-Uniform 

Refinement. Finally, particles were exported into cisTEM80 for 7TM local refinements using the 

Manual Refinement job type and low-pass filtering outside of the mask. 

 

GPR68-Gq pH 6 complex 

The GPR68-Gq pH 6 complex was concentrated to 4 mg/mL and 3 µL was applied onto a glow-

discharged 300 mesh 1.2/1.3 gold grid covered in a holey carbon film (Quantifoil). Excess sample 

was removed with a blotting time of 4 s and a blotting force of 1 at 4 °C prior to plunge freezing 

into liquid ethane using a Vitrobot Mark IV (Thermo Fisher). A total of 6,650 movies were 

recorded with a K3 detector (Gatan) on a Titan Krios (Thermo Fisher) microscope operated at 

300 keV with a BioQuantum post-column energy filter set to a zero-loss energy selection slit width 

set of 20 eV. Movies were recorded using dose-fractionated illumination at a nominal 

magnification of 105,000x (physical pixel size of 0.855 Å/pixel) and a defocus range of -1 to -2.1 

µm for a total dose of 50 e-/Å2. Exposure areas were acquired with image shift collection using 

EPU (Thermo Fisher). 

Movies of the GPR68-Gq pH 6 complex were motion-corrected and dose-fractionated using UCSF 

MotionCor2 75. Corrected micrographs were imported into cryoSPARC v3.1 76 for CTF estimation 

via the Patch Estimation job. Micrographs with estimated CTF fit resolution > 5 Å were removed 

before further processing. Templates for particle picking were generated from the same complex 

reconstructed from a previous 200 keV imaging session. Particle picking templates were low-pass 

filtered to 20 Å and used to pick 6,764,523 particles. After picking, particles were extracted in a 

288 pixel box and Fourier cropped to 72 pixels before 3D classification with alignment using a 20 
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Å low-pass filtered reconstruction and “garbage collectors” with the Heterogeneous Refinement 

job type. Two rounds of Heterogeneous Refinement yielded 2,774,555 particles that were re-

extracted in the same box size cropped to 192 pixels and classified in an additional Heterogeneous 

Refinement job. The resulting 1,144,750 particles were refined using the Non-Uniform 

Refinement job type. Particles were exported using csparc2star.py from the pyem script package77, 

and a mask covering the 7TM domain of GPR68 was generated using the Segger tool in UCSF 

ChimeraX78 and the mask.py pyem script. The particles and mask were imported into Relion v3.079 

and classified in 3D without alignment. Particles comprising the highest resolution class were 

reimported into cryoSPARC for Non-Uniform Refinement. Finally, particles were exported into 

cisTEM80 for 7TM local refinements using the Manual Refinement job type and low-pass filtering 

outside of the mask.  

GPR68-Gs pH 6 complex 

The GPR68-Gs pH 6 complex was concentrated to 4 mg/mL and 3 µL was applied onto a glow-

discharged 300 mesh 1.2/1.3 gold grid covered in a holey carbon film (Quantifoil). Excess sample 

was removed with a blotting time of 4 s and a blotting force of 1 at 4 °C prior to plunge freezing 

into liquid ethane using a Vitrobot Mark IV (Thermo Fisher). A total of 6,812 movies were 

recorded with a K3 detector (Gatan) on a Titan Krios (Thermo Fisher) microscope operated at 

300 keV with a BioQuantum post-column energy filter set to a zero-loss energy selection slit width 

set of 20 eV. Movies were recorded using dose-fractionated illumination at a nominal 

magnification of 105,000x (physical pixel size of 0.83 Å/pixel) and a defocus range of -1 to -2.1 

µm for a total dose of 49 e-/Å2. Exposure areas were acquired with image shift collection using 

SerialEM 3.843. 
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Movies of the GPR68-Gs pH 6 complex were imported into cryoSPARC v3.1 76 for motion-

correction, dose-fractionation, and CTF estimation. Micrographs with estimated CTF fit resolution 

> 5 Å were removed before further processing. Templates for particle picking were generated from 

the same complex reconstructed from a previous 200 keV imaging session. Particle picking 

templates were low-pass filtered to 20 Å and used to pick 7,064,401 particles. After picking, 

particles were extracted in a 288 pixel box and Fourier cropped to 48 pixels before 3D 

classification with alignment using a 20 Å low-pass filtered reconstruction and “garbage 

collectors” with the Heterogeneous Refinement job type. Two rounds of Heterogeneous 

Refinement yielded 2,524,876 particles that were re-extracted in the same box size cropped to 144 

pixels and classified in an Heterogeneous Refinement job. The resulting 804,228 particles were 

refined using the Non-Uniform Refinement job type. Particles were exported using csparc2star.py 

from the pyem script package77, and a mask covering the 7TM domain of GPR68 was generated 

using the Segger tool in UCSF ChimeraX78 and the mask.py pyem script. The particles and mask 

were imported into Relion v3.079 and classified in 3D without alignment. Particles comprising the 

highest resolution classes were reimported into cryoSPARC for Non-Uniform Refinement. 

Finally, particles were exported into cisTEM80 for two local refinements using the Manual 

Refinement job type and low-pass filtering outside of masks. In the first local refinement, the 

previous 7TM mask was used, and the second local refinement used a full-particle mask. 

GPR68-Gq pH 6 Co2+ complex 

The GPR68-Gq pH 6 Co2+ complex was concentrated to 4 mg/mL and 3 µL was applied onto a 

glow-discharged 300 mesh 1.2/1.3 gold grid covered in a holey carbon film (Quantifoil). Excess 

sample was removed with a blotting time of 4 s and a blotting force of 1 at 4 °C prior to plunge 

freezing into liquid ethane using a Vitrobot Mark IV (Thermo Fisher). A total of 5,052 movies 
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were recorded with a K3 detector (Gatan) on a Titan Krios (Thermo Fisher) microscope operated 

at 300 keV with a BioQuantum post-column energy filter set to a zero-loss energy selection slit 

width set of 20 eV. Movies were recorded using dose-fractionated illumination at a nominal 

magnification of 105,000x (physical pixel size of 0.86 Å/pixel) and a defocus range of -1 to -2.1 

µm for a total dose of 50 e-/Å2. Exposure areas were acquired with image shift collection using 

EPU (Thermo Fisher). 

Movies of the GPR68-Gq pH 6 Co2+ complex were motion-corrected and dose-fractionated using 

UCSF MotionCor2 75. Corrected micrographs were imported into cryoSPARC v3.1 76 for CTF 

estimation via the Patch Estimation job. Micrographs with estimated CTF fit resolution > 5 Å were 

removed before further processing. Templates for particle picking were generated from the same 

complex reconstructed from a previous 200 keV imaging session. Particle picking templates were 

low-pass filtered to 20 Å and used to pick 5,119,543 particles. After picking, particles were 

extracted in a 288 pixel box and Fourier cropped to 72 pixels before 3D classification with 

alignment using a 20 Å low-pass filtered reconstruction and “garbage collectors” with the 

Heterogeneous Refinement job type. Three rounds of Heterogeneous Refinement yielded 

1,264,403 particles that were re-extracted in the same box size cropped to 144 pixels and classified 

in an additional Heterogeneous Refinement job. The resulting 1,060,866 particles were extracted 

without cropping and classified in three Heterogeneous Refinement jobs. The resulting 776,298 

particles were refined using the Non-Uniform Refinement job type. Particles were exported using 

csparc2star.py from the pyem script package77, and a mask covering the 7TM domain of GPR68 

was generated using the Segger tool in UCSF ChimeraX78 and the mask.py pyem script. The 

particles and mask were imported into Relion v3.079 and classified in 3D without alignment. 

Particles comprising the highest resolution classes were reimported into cryoSPARC for Non-
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Uniform Refinement. Finally, particles were exported into cisTEM80 for 7TM local refinements 

using the Manual Refinement job type and low-pass filtering outside of the mask.  

GPR68-Gq pH 7.5 Co2+ complex 

The GPR68-Gq pH 7.5 Co2+ complex was concentrated to 2 mg/mL and 3 µL was applied onto a 

glow-discharged 300 mesh 1.2/1.3 gold grid covered in a holey carbon film (Quantifoil). Excess 

sample was removed with a blotting time of 4 s and a blotting force of 1 at 4 °C prior to plunge 

freezing into liquid ethane using a Vitrobot Mark IV (Thermo Fisher). A total of 8,817 movies 

were recorded with a K3 detector (Gatan) on a Titan Krios (Thermo Fisher) microscope operated 

at 300 keV with a BioQuantum post-column energy filter set to a zero-loss energy selection slit 

width set of 20 eV. Movies were recorded using dose-fractionated illumination at a nominal 

magnification of 105,000x (physical pixel size of 0.855 Å/pixel) and a defocus range of -1 to -2.1 

µm for a total dose of 60 e-/Å2. Exposure areas were acquired with image shift collection using 

EPU (Thermo Fisher). 

Movies of the GPR68-Gq pH 7.5 Co2+ complex were motion-corrected and dose-fractionated using 

UCSF MotionCor2 75. Corrected micrographs were imported into cryoSPARC v3.1 76 for CTF 

estimation via the Patch Estimation job. Micrographs with estimated CTF fit resolution > 5 Å were 

removed before further processing. Templates for particle picking were generated from the same 

complex reconstructed from a previous 200 keV imaging session. Particle picking templates were 

low-pass filtered to 20 Å and used to pick 5,658,056 particles. After picking, particles were 

extracted in a 288 pixel box and Fourier cropped to 72 pixels before 3D classification with 

alignment using a 20 Å low-pass filtered reconstruction and “garbage collectors” with the 

Heterogeneous Refinement job type. Three rounds of Heterogeneous Refinement yielded 
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1,303,214 particles that were re-extracted in the same box size without cropping to 144 and 

classified in two additional Heterogeneous Refinement jobs. The resulting 787,438 particles were 

refined using the Non-Uniform Refinement job type. Particles were exported using csparc2star.py 

from the pyem script package77, and a mask covering the 7TM domain of GPR68 was generated 

using the Segger tool in UCSF ChimeraX78 and the mask.py pyem script. The particles and mask 

were imported into Relion v3.079 and classified in 3D without alignment. Particles comprising the 

highest resolution classes were reimported into cryoSPARC for Non-Uniform Refinement. 

Finally, particles were exported into cisTEM80 for 7TM local refinements using the Manual 

Refinement job type and low-pass filtering outside of the mask. 

 

Model building and refinement 

Model building and refinement began with the Alphafold281 predicted structures as the starting 

models, which were fitted into the experimental cryoEM maps using UCSF ChimeraX. The model 

was iteratively refined with real space refinement in Phenix82 and manually in Coot83 and Isolde51. 

The cholesteryl hemisuccinate model and rotamer library were generated with the PRODRG 

server84, docked using Coot, and refined in Phenix and Isolde. Final map-model validations were 

carried out using Molprobity and EMRinger in Phenix. 
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