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Abstract:

Three proton-sensing G protein-coupled receptors (GPCRs), GPR4, GPR65, and
GPRG68, respond to changes in extracellular pH to regulate diverse physiology and are
implicated in a wide range of diseases. A central challenge in determining how protons
activate these receptors is identifying the set of residues that bind protons. Here, we
determine structures of each receptor to understand the spatial arrangement of putative
proton sensing residues in the active state. With a newly developed deep mutational
scanning approach, we determined the functional importance of every residue in proton
activation for GPR68 by generating ~9,500 mutants and measuring effects on signaling
and surface expression. This unbiased screen revealed that, unlike other proton-
sensitive cell surface channels and receptors, no single site is critical for proton
recognition in GPR68. Instead, a network of titratable residues extend from the
extracellular surface to the transmembrane region and converge on canonical class A
GPCR activation motifs to activate proton-sensing GPCRs. More broadly, our approach
integrating structure and unbiased functional interrogation defines a new framework for
understanding the rich complexity of GPCR signaling.

One-sentence summary:

The protonation networks governing activation of human pH-sensing GPCRs are
uncovered by integrative cryo-EM and deep mutational scanning.
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Introduction

Homeostatic control of acid-base balance is vital for cellular and tissue physiology.
Precise sensing of pH is fundamentally important to acid-base homeostasis. In humans
and other animals, diverse cell surface proteins respond to changes in extracellular pH
by sensing protons. While the maijority of cell surface proton sensors are ion channels’-
5, three G protein-coupled receptors (GPCRs) respond to changes in extracellular pH:
GPR4, GPR65, and GPR68%7. These receptors are expressed in diverse cells that
regulate central pH homeostasis®, pH sensing in the immune system®'!, and vascular
responses to pH'2. Understanding and precisely manipulating the function of these
proton sensing GPCRs holds promise for a range of diseases like inflammatory bowel
disease'%'3, osteoarthritis™, and certain cancers's-"".

Given the relevance of proton sensing GPCRs to pH-dependent physiology, it is
important to understand how these receptors work at the molecular level. For pH
sensing ion channels and transporters, a defined cluster of polar and charged residues
is often ascribed as the proton recognition site'-810.18 This view, however, has
remained controversial because it is often challenging to completely abolish proton
sensitivity with targeted mutagenesis'®2°. Several models have been proposed for
proton recognition by proton sensing GPCRs. Proton-sensing GPCRs harbor an
abundance of extracellular histidine residues that likely titrate at physiologically relevant
pH levels; initial studies therefore ascribed these histidines as critical for proton
sensing’2'. However, mutational studies suggest that histidines are dispensable for
proton sensing - in GPRG8, removal of all extracellular histidines does not abolish
proton-driven activation’®20. A recent study employing parallel mutagenesis of titratable
residues in GPRG8 identified a conserved triad of buried acidic residues in proton-
sensing GPCRs?°. Here, too, neutral mutations to these sites shift pHso but do not
abolish proton-mediated receptor activation. How protons activate proton-sensing
GPCRs remains poorly defined.

Structural biology methods have revealed fundamental insights into the molecular
recognition of diverse GPCR stimuli ranging from light, ions, small molecules, peptides
and large proteins??-28, However, knowing the structural location and context of residues
in a 3-dimensional structure does not immediately inform function. This is particularly
true for proton sensing receptors, where individual protons are not readily resolved by
modern X-ray crystallography and cryogenic-electron microscopy (cryo-EM)
approaches. An ideal alternative would be comprehensive data for how every single
residue contributes to proton sensation. Unfortunately, conventional mutagenesis
strategies do not scale to the dozens of protonatable residues within proton sensors and
the multiple substitutions required to carefully dissect effects of local charge and
hydrogen bonding networks.
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Deep mutational scanning (DMS) has emerged as a powerful method to probe protein
function?®. In this approach, comprehensive mutagenesis is combined with a
sequencing-based pooled assay to systematically measure how individual substitutions
at every single position in a protein affect protein function. A key requirement for DMS is
a robust phenotype that can be used to dissect function in a pooled cellular assay.
When combined with mechanistic readouts, DMS has uncovered the molecular basis of
protein function, folding, and allostery3°-33. For GPCRs, previous DMS studies have
uncovered important residue-level contributions to cell surface expression34-36 or, less
commonly and done separately, to signaling®’. Conventional mutagenesis studies,
however, routinely highlight that GPCR mutations influence both cell surface expression
(e.g. due to changes in synthesis, folding or trafficking) and cellular signaling (either via
direct effects on stimulus recognition, allosteric communication or signaling effector
coupling). To quantify how mutations influence signaling therefore requires a new
approach that can untangle the contribution of mutation effects on surface expression
vs. signaling.

Integrating structural biology with deep mutational scanning could provide a new
approach to decipher GPCR function, and is ideally suited to understanding how
protons activate proton-sensing GPCRs. Here, we developed this integrated approach
by: 1) determining cryo-EM structures of all three human proton sensing GPCRs and 2)
developing a new method for mechanistic dissection of GPCR function by deep
mutational scanning. We devised a sensitive cellular assay for GPCR signaling that is
capable of differentiating the effects of every possible mutation on receptor activation. A
parallel deep mutational scan of cell surface expression yielded a multi-phenotypic view
of each mutation, which resolves fundamental ambiguities in the effect of each mutation
on receptor function. We applied this new approach to GPR68 to identify critical
residues responsible for proton sensing and for allosteric activation of G protein
signaling. Integrating structures with comprehensive functional data yielded a
comprehensive structure-function model for how a stimulus activates a GPCR.

Receptor chimeras reveal distributed proton sensing

We first investigated whether a conserved site confers proton sensitivity in proton-
sensing GPCRs analogous to proposed models for proton-sensing channels and
transporters'34.38-40_|n HEK293 cells, GPR4, GPR65, and GPR68 activate cAMP
signaling with distinct sensitivity to protons, which is reflected in pHso values of 8.0, 7.4,
and 6.7, respectively (Fig. 1A). We reasoned that if a single site is responsible for
proton sensing, we could find it by swapping segments of one pH sensing receptor for
another and looking for concordant changes in pHso. We chose GPR4 and GPRG68 for
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this chimeric receptor experiment as they have the highest sequence identity (44%) but
the largest difference in pHso.

We designed chimeric receptors by grafting linear segments of the GPR68 extracellular
regions onto GPR4 (Fig. 1B, Fig. S1A). Grafting points were chosen by matching the
final Ballesteros-Weinstein (BW) position where GPR4 and GPRG68 shared residue
identity before diverging*! - this led to chimeric constructs that contain portions of
GPR68 spanning extracellular loops (ECL) and the extracellular portions of the
transmembrane (TM) helices. Each linear segment was tested individually and in
combination with other segments in a cAMP accumulation assay (Fig. S1B-E). Out of
the 15 constructs, 6 failed to show any proton-dependent signaling response, potentially
because of deficits in folding or trafficking to the cell surface (Fig. S1B-E).

Chimeric constructs bearing single segments of GPR68 had little effect on pHso (Fig.
1B, Fig. S1B, Table S1). Introducing two segments of GPR68 into GPR4 also had little
effect on pHso, with the exception of the ECL2/ECL3 chimera, which shifts the pHso from
8.0 to 7.5 (Fig. 1B, Fig. S1C, Table S1). Addition of the GPR68 ECL1 to this
ECL2/ECL3 construct did not yield a further shift in pHso, although this construct is likely
poorly expressed (Fig. 1B, Fig. S1D, Table S1). Paradoxically, addition of the GPR68
N-terminus to the ECL2/ECL3 construct restored pHso to 8.0 (Fig. S1D, Table S1). A
final construct bearing the entire extracellular region of GPR68 grafted onto GPR4
yielded a pHso of 7.1 (Fig. 1B, Fig. S1E, Table S$1).

These chimeric receptor experiments challenge a single site model of proton sensing in
proton-sensing GPCRs. A single site of proton sensing would likely lead to a
measurable shift in pHso with exchange of a single segment. Instead, we find that
substitution of individual extracellular segments of GPR68 is insufficient to cause a
change in pHsp of the resulting chimera. Because swapping at least two segments
yields a moderate shift in pHso, we conclude that a proton sensitive site in GPR68 is
likely located in an interface between ECL2 and ECL3. Furthermore, because swapping
the entire extracellular region of GPRG68 is required for a pHso that approaches that of
native GPR68, we conclude that a network of proton sensitive sites is likely important
for receptor activation.

Cryo-EM structures of proton-sensing GPCRs

To understand how proton-sensing GPCRs recognize protons, we determined cryo-EM
structures of human GPR4, GPR65, and GPRG8 in complex with heterotrimeric G
protein signaling subunits (Fig. 1C, Fig. S2-5). To overcome poor expression in
HEK293 cells, we generated constructs of each proton-sensing GPCR fused C-
terminally to miniGa proteins*?. Both GPR4 and GPR65 have been previously
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166  characterized to drive cAMP production via activation of Gas’-?"4?; we therefore used
167 miniGas to stabilize these receptors. By contrast, GPR68 has been shown to signal via
168  Gag and Gas’#3. We therefore used both miniGas and a chimeric miniGasiq construct to
169 obtain structures of GPR68. We also screened different pH values for optimal high

170  resolution reconstruction of receptor-G protein complexes. Although each receptor

171  activates at distinct pHso values when expressed heterologously in HEK293 cells, we
172  found that purification at pH 6 enabled the best resolution for each receptor during

173  single particle cryo-EM reconstruction. For GPR68-miniGas, we included the positive
174  allosteric modulator MS48107'944, a derivative of ogerin*4, in biochemical preparations.
175  However, our structures did not reveal density for this ligand. Single particle

176  reconstructions yielded nominal resolutions between 2.8-3.0 A for the receptor-G

177  protein complexes (Table S2). To improve reconstructions in the receptor extracellular
178  regions, we also performed focused refinements on the 7TM domains (Fig. S2-5). The
179  resulting maps enabled us to model each proton-sensing GPCR (Fig. 1D).

180

181  Structures of GPR4, GPR65, and GPR68 bound to miniGas revealed highly similar

182  active-state conformations across the 7TM domains (RMSD < 1.5 A) despite having
183  sequence identities of 30-44% (Fig 2A, Fig. S6). Additionally, the conformation of

184  GPRG68 is highly similar between miniGas and miniGasi, with a RMSD of 0.9 A (Fig.
185 S6). Comparison to inactive and active structures of the prototypical class A GPCR, the
186  PB2-adrenergic receptor (2AR) shows that each proton sensor is captured in a fully

187  active conformation (RMSD of each proton sensor to active B2AR is <1.2 A in the

188 transmembrane regions) (Fig. 2A). This is reflected in a similar conformation of the
189  common “P>50]340F6.44” motif (superscripts indicate Ballesteros-Weinstein numbering**)
190 (Fig. 2C); in the proton sensing GPCRs, a threonine and valine substitutes in the 3.40
191  position of GPR65 and GPR68, respectively, and valine is substituted for phenylalanine
192  at the 6.44 position of GPR4 (Fig. 2C). In the proton sensors, the conserved GPCR
193 “N749P7-30xxY7-53” motif harbors an aspartate at the 7.49 position, a substitution shared
194  with ~18% of all human Class A GPCRs (Fig. 2D). Finally, each proton receptor

195  substitutes a phenylalanine in the conserved “C847W®48xP6-50” motif in TM6. Each of
196 these motifs adopts a similar conformation to active B2AR (Fig. 2C-D). While protons
197  are a non-canonical stimulus, the activation pathway linking proton recognition to

198 promotion of an active conformation is conserved between the proton sensing GPCRs
199 and the broader class A GPCR family.

200

201  Structural diversity in the extracellular-facing domain of GPCRs enables recognition of a
202 broad range of stimuli. We next compared similarities and distinctions in this region
203 between the proton-sensing receptors and the broader Class A GPCR family. Each
204 proton sensing receptor harbors an extracellular facing pocket that is lined by many
205 polar and charged residues (Fig. 2E). Despite the presence of such cavities, our
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structures do not resolve density for potential activating ligands or metabolites that co-
purify with the activated receptor. Given the size of these pockets, however, it is
possible that endogenous metabolites or lipids may act as agonists or allosteric
modulators for each of the three proton-sensing GPCRs. Indeed, the discovery of both
positive and negative allosteric modulators for GPR445, GPR65%, and GPR684446
supports the potential importance of this central cavity in modulating proton-sensing
receptor function.

A unique feature of proton-sensing GPCRs is a large network of proton-titratable
residues in the extracellular domain of the receptor (Fig. 2E-F). In addition to an
abundance of histidine residues, each of the proton sensing GPCRs harbors additional
acidic and basic residues that engage in an extended network of hydrogen bonding
bridged by polar residues. Each receptor has a distinct network, although there are
several structurally conserved positions harboring proton-titratable residues (Fig. 2F).
Many of these surround what would be a canonical Class A GPCR orthosteric site.
Collectively, these residues may coordinate protonation network(s) extending from the
extracellular surface of each receptor that terminate at buried titratable residues??47:48,
Without inactive state structures or the ability to directly see protons, however, it is
challenging to determine which of the many titratable residues is important for proton
sensing. Nevertheless, these structures yield an understanding of the organization of
putative proton-sensing residues in each receptor.

Deep mutational scanning of GPR68 pH response

We next aimed to understand which of the numerous proton-titratable residues
observed in structures of proton-sensing GPCRs are responsible for proton sensing and
response. Conventional structure-function approaches to understand GPCR function
use targeted mutagenesis combined with signaling studies to ascribe function to specific
residues. Mutagenesis studies for understanding proton-sensitivity often require multiple
substitutions, e.g. protonation mimicking mutations and charge reversals, to precisely
define the effect of protonation at a specific site. The scale of mutagenesis experiments
required for a comprehensive and unbiased profiling would not be imminently feasible
with conventional approaches. We therefore turned to Deep Mutational Scanning
(DMS), which is a high-throughput technique that enables sequence-to-function insight
by profiling libraries of protein variants in a pooled format®°.

We first devised a sensitive assay to enable DMS for GPCR signaling. Paramount to
any successful DMS is a high throughput assay capable of discerning minute
differences in phenotype. Prior work establishing DMS of GPCRs used the prototypical
B2-adrenergic receptor (32AR) to profile the effect of missense substitutions at every
residue®’. This DMS was enabled by a cAMP-dependent transcriptional readout for
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receptor activation, with each variant coupled to unique RNA barcodes that could be
quantified by deep seqencing®’. While pioneering for GPCR-DMS, there are several
challenges of this approach including accumulation of signal at baseline, low signal-to-
noise, and potential barcode clashing. To circumvent these limitations, we engineered a
FACS-seq approach that reliably measures receptor activity. In this system, receptor
activation of Gas triggers cAMP production that acts via a transcriptional reporter to
produce eGFP (Fig. 3A). While this approach is similar to many assays that use
transcriptional reporters of GPCR activity, we introduced several modifications to
maximize the signal-to-noise of the FACS-seq assay. To provide maximal sensitivity to
cAMP, we used a novel synthetic cAMP Response Element (CRE) sequence
architecture recently discovered by massively parallel profiling of transcriptional
response element architectures*®. Because many GPCRs are basally active, a central
challenge with transcriptional reporters of activity is low dynamic range; highly sensitive
systems are often saturated by basal activity that occurs prior to activation of the
receptor by a desired stimulus. We used two approaches to circumvent this issue. First,
precise control of cell surface receptor expression with doxycycline induction enabled
titration of receptor levels that maximize the dynamic range. Second, we fused eGFP to
a dihydrofolate-reductase degron that is stabilized with the small molecule trimethoprim
(TMP). In the absence of TMP, eGFP is constitutively degraded. Addition of TMP
simultaneously with GPCR activation enables integration of the eGFP signal only in the
presence of stimulus.

We used 2AR to benchmark our assay and ensure that it provided adequate sensitivity
and dynamic range. Using this system, we could reliably measure a full range of ligand
efficacies. Forskolin treatment defined the ceiling of our assay, as it directly stimulated
cAMP production via adenylyl cyclase (Fig. 3B). The full agonist BI-167107 produced a
robust eGFP signal and closely mirrored the forskolin condition (Fig. 3B). A neutral
antagonist, alprenolol, resulted in a modest eGFP signal over the DMSO vehicle
baseline (Fig. 3B). This reflects alprenolol’'s previously observed partial agonist activity
at B2AR®°. Further, an inverse agonist, ICI-118,551, demonstrated a reduction of eGFP
signal relative to the DMSO treatment, concordant with its expected activity (Fig. 3B).
These observations demonstrated that our system is capable of measuring differences
in ligand-driven changes of Gas-coupled receptor activation, and that it could similarly
lend itself to measuring mutational effects on receptor activation in the context of DMS.

We next determined whether this transcriptional reporter assay can reliably detect pH
dependent activation of proton-sensing GPCRs. Cell lines expressing GPR4 and
GPRG65 revealed significant basal signal at standard pH values required for cell culture
(~ pH 7.4). Attempts to increase the pH to decrease signaling were constrained by cell
viability. By contrast, the eGFP signal for GPRG68 is low at pH 7.4 and increased by
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285 approximately 30-fold upon addition of a pH stimulus, a change similar in magnitude to
286 that induced by the direct adenylyl cyclase activator forskolin (Fig. 3C-D). The flow

287 cytometry transcriptional reporter assay was performed in the absence of

288 phosphodiesterase inhibitors and thus measures cAMP production instead of

289 accumulation. In agreement with prior work, the pHso of GPR68 is subsequently shifted
290 ~1 log unit to 5.8, compared to cAMP accumulation assays (Fig. 1C, 3C)'%48. We

291 surmised that the transcriptional reporter provides a platform for DMS of GPRGS.

292

293 To test mutational effects in an unbiased way using this reporter assay, we required a
294  comprehensive mutational library of GPR68. Using the DIMPLE pipeline, we designed
295 and generated a GPR68 DNA library containing all possible single missense mutations,
296 a single synonymous mutation, as well as one, two, and three amino acid insertions and
297  deletions at each position (Fig. 3E)>'. This library of 9,464 variants was used to

298 generate a pool of stable HEK293T cell lines where each cell contains only a single

299 GPRG68 variant thus enabling robust genotype-phenotype linkage (Fig. 3E, Fig. $7)':52,
300  With this pooled cell line library, we performed a screen at pH 5.5 (active) and pH 6.5
301 (inactive), as defined by the response of wild-type GPR68 (Fig. 3C-D, Fig. S8-13). To
302 correlate phenotype and genotype, the pooled cell line library for each pH condition was
303 sorted based on eGFP intensity into four bins using fluorescence-activated cell sorting
304 (FACS) (Fig. 3E). The resulting subpopulations were sequenced, and a “fitness” score
305 was calculated for each variant based on its distribution relative to synonymous

306 mutations(Fig. 3F)%. These scores indicate whether a given variant is deleterious,

307 beneficial or neutral for pH-dependent GPR68 activation and is plotted as a heatmap for
308 the full length receptor at pH 5.5 (Fig. 3G, Fig. S9-10) and for pH 6.5 (Fig. S11-12).
309

310 Several features of this DMS provide confidence that this approach reliably measures
311 the effect of mutations on GPRG8 at scale. First, in the DMS at pH 6.5, mutations have
312 very little effect on fitness scores (Fig. 3F). This is consistent with relatively little eGFP
313  signal observed at the inactivating condition (Fig. 3B, Fig. S8). By contrast, at pH 5.5,
314  we observe significant loss of fitness for regions of GPRG8 likely important for function
315 based on known structure-function relationships in the broader GPCR family (Fig. 3F-
316  G). Specifically, the DMS fitness scores highlight that most substitutions in the

317 transmembrane (TM) regions are poorly tolerated, while the amino and carboxy termini
318 are less constrained (Fig. S14A-B). Additionally, substitution of cysteine residues

319  known to form disulfide bonds between ECL2 and TM3 (residues 94 and 172) and the
320 N-terminus and TM7 (residues 13 and 258) are universally deleterious (Fig. S14B).

321  Substitutions to conserved GPCR motif positions as well as positions which interface
322  with the G protein are also mostly deleterious (Fig. S14B). We concluded that the DMS
323 of GPR68 activation using a transcriptional reporter of Gs signaling provides a

324 comprehensive map of mutations and their effects.
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Integrative multi-phenotypic DMS

While DMS of GPR68 based on cAMP signaling activity provided initial insights into
function, it is likely that many of the observed effects of mutations stem from changes in
receptor surface expression. To deconvolve the effect of each mutant on surface
expression vs. pH-dependent activation, we performed a second DMS based on surface
expression of each GPR68 variant. Here we used fluorescently labeled anti-FLAG
antibody to recognize an N-terminal FLAG tag on GPRG68 (Fig. 4A, Fig. S13, S15-16).
In this assay, surface expression is correlated with anti-FLAG signal; similar approaches
are commonly used to measure the expression of single GPCR variants for structure-
function studies. More broadly, we and others have used similar assays to surface
expression of variant libraries of other membrane proteing3%:36:51.54-56

We next compared the effect of mutations on GPR68 activation and cell surface
expression. As expected, synonymous mutations have little effect on GPR68 signaling
or surface expression while insertions and deletions (Indels) have significant deleterious
effects (Fig. 3F, 4B). Missense mutations are more distributed in effects for both
surface expression and signaling (Fig. 3F, 4B). At pH 6.5, we see minimal effects of
mutations because the receptor is inactive; rare missense mutations activate GPR68
(Fig. 3F, Fig. S11). To identify GPR68 mutations specifically important for pH-
dependent activation, we calculated an expression-adjusted functional score for each
variant. We first compare the effect of each mutation in the signaling and surface
expression DMS; the resulting correlation indicates that activity in the signaling DMS is
correlated to receptor surface expression (Fig. 4C-D). Synonymous mutations are
expected to have minimal deleterious effects on expression or function - we use the
correlation between signaling and expression scores of synonymous mutations to define
a baseline regression fit for how expression levels influence signaling. We categorize
mutations that have a higher than expected activity relative to their expression as gain-
of-function (“GOF”). Conversely, mutations that have lower than expected function are
loss-of-function (“LOF”). To identify GOF and LOF mutations, we calculated the
euclidean distance of each missense mutation to the regression fit defined by
synonymous mutations - missense substitutions with the most positive or negative
scores yielded GOF and LOF mutations, respectively (Fig. 4D, Fig. S17).

Our analysis identifies the score for each individual substitution at a given GPR68
position. To identify individual sites with large effects on pH-dependent activation, we
separated negative and positive distances scores and averaged for all missense
substitutions at a given position. The resulting scores were then rank ordered, which
provided a relative importance of each position for proton activation of GPR68 (Fig. 4E).
This multi-phenotypic approach to integrating distinct effects of mutations enabled us to
identify fundamental features of GPR68 activation (Fig. 4E-F, Fig. S17). Many positions
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that have substantial effects when mutated correspond to hallmark class A GPCR
motifs such as the DRY, N(D)PxxY, CW(F)xP, and residues that contact the Ga protein
(Fig 4E-F, Fig. $17)". Intriguingly, numerous mutations identified in this screen
correspond to ionizable residues in the extracellular regions of GPRG8.

Mechanism of GPR68 activation by protons

We next sought to integrate the cryo-EM structure of GPR68 with our expression-
normalized DMS to build a structure-function map. We first reasoned that LOF
mutations are likely to disrupt key interactions stabilized in the active conformation, and
therefore visualized LOF scores for each residue position onto the active-state GPR68
cryo-EM structure (Fig. 5A). Conversely, we reasoned that GOF mutations are likely to
disrupt interactions that stabilize inactive GPR68. Despite extensive attempts at
obtaining a structure of inactive GPR68, we were unable to resolve this conformation of
the receptor. We therefore use a model of GPR68 predicted by AlphaFold2 to be in an
inactive-like conformation with an inward position of transmembrane helix 6 (Fig. S18).
We visualized GOF scores for each residue using this AlphaFold model (Fig. 5B).

Many GOF and LOF scoring mutations map to well-established class A GPCR motifs.
For example, mutations in the D11834% in the DRY motif and C240847 and F241548 in
the CW(F)xP motif lead to increased GPRG68 signaling, consistent with important roles
of these regions in stabilizing inactive GPCRs (Fig. 5B, $18)%7:58, Mutations in D28274°
in the N(D)PxxY motif lead to decreased signaling, supporting a key role of TM7 in
receptor activation (Fig. 5A, S18). Additionally, mutation of F127345 in ICL2, which
interacts directly with Ga, leads to a LOF (Fig. 5A, S18).

A more extensive set of LOF sites are adjacent to an extracellular facing cavity in
GPR68 at a location similar to orthosteric sites in other class A GPCRs (Fig. 5A)5%:60,
Several LOF residues, including H269736, H20'31, E1744%52 and Y 102323 line this
electronegative cavity, suggesting that this region is critically important for GPR68
activation by protons. We first looked more closely at histidine residues on the
extracellular surface of GPR68 that have been proposed to be a critical determinant of
proton-induced activation'®4”. Our mutational scan provides an unbiased view on the
relative importance of each histidine residue in GPR68 activity. Furthermore, the ability
to test every amino acid substitution for function provides direct insight into how the
charge state, hydrogen bonding interactions, and van der Waals interactions at a given
position influence GPR68 activity. Two histidine residues in the extracellular region,
H20'3' and H2697-%¢, emerged as positions with a high LOF score in our global position
analysis (Fig. 5A,C-D and Fig. 6A-B). Other histidines in the extracellular portion of
GPR68 had more minor LOF effects (Fig. 5C-D). A closer analysis of substitutions in
both H20"3" and H2697-3¢ revealed that mutations to H2697-3¢ caused both gain and loss
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404  of function with positively charged substitutions leading to increased activity and

405 negatively charged substitutions resulting in loss of activity (Fig. 5D). For H20"-31,

406 charge substitution leads to more subtle effects and the primary LOF score arises from
407  hydrophobic substitutions (Fig. 5D). For both of these positions, we used a cAMP

408 GloSensor assay to understand how substitution influences proton potency (Fig. 6F).
409 For H2697%¢, the amino acid sidechain pKa correlates with proton potency as indicated
410 by the mutational scan. Intriguingly, the Hill slope of the proton response decreases

411 from 4.16 in the wildtype receptor to 2.59-2.94 in the mutated receptors, suggesting that
412  perturbing this position fundamentally alters cooperative proton binding to GPR68. For
413 H20'¥ aspartate, asparagine, and arginine mutations led to subtle decreases in proton
414  potency (Fig. S18B). Our mutagenesis screen therefore highlights that H26976 plays a
415 central role in pH activation whereas histidines, like H20'3', play secondary roles. More
416  broadly, we observe large variability in the importance of each extracellular histidine and
417  the effect of specific amino acid substitutions, suggesting that protonation of these other
418 histidine residues is likely less important for GPRG68 activation (Fig. 5C-D).

419

420 Using the DMS as a guide, we identified a network of interactions that connects the

421  extracellular facing cavity to the core of the receptor (Fig. 6A-B). These interactions are
422  predicted to rearrange when comparing the inactive-like conformation predicted by

423 AlphaFold and our active-state cryo-EM structure of GPR68 (Fig. 6C). An extensive set
424  of ionic and hydrogen-bonding interactions in active GPR68 engage LOF residues

425 H2697-36 and E17445%2 (Fig. 6E). These interactions connect extracellular facing

426 residues to two key residues in the core of GPR68: E10333* and E149453, which have
427 strong LOF and GOF scores, respectively (Fig. 6A-B). Intriguingly, the extensive

428 network of interactions in active GPRG68 is rearranged in the AlphaFold predicted

429 inactive-like state of GPR68 (Fig. 6D). Several conformational changes are notable.
430 First, activation of GPR68 is associated with a movement of E1744%52 which engages
431  Y102333 and R251%58 in the active state. Mutation of E17445:52) Y1023-33, or R251658
432 leads to a significant decrease in proton potency (Fig. 6G-l), supporting the importance
433  of this interaction to GPR68 activation. The E1744%52:Y102333 interaction is associated
434  with a rotation and upward displacement of TM3 that is relayed to E10333* and E149453
435 (Fig. 6J-K). In the AlphaFold prediction on inactive-like GPR68, E149453 engages

436  K148%*%2 and Y188%#! in an intramembrane ionic interaction. This interaction is disrupted
437 in active GPR68 by rearrangement of TM3 and the presence of the isooctyl chain of
438 cholesterol that inserts between TM4 and TMS. This conformational rearrangement is
439  supported by DMS results, which reveal that mutations in both E149453 and Y188%4! are
440 GOF. Indeed, the E149Q mutation, which mimics the protonated state, is more easily
441  activated by protons (Fig. 6L). Our results confirm a prior study that identified E149453
442  as a critical activity associated residue in GPR682°, but provide critical structural context
443  for this observation.
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444

445 The combination of DMS and structural analysis therefore reveals that protonation of
446  key residues surrounding an extracellular facing cavity, e.g. H2697-%¢ leads to a series of
447  conformational rearrangements in GPR68 with TM3 as a central conduit. This relay

448 converges to the conserved connector region in class A GPCRs that coordinates a

449 rearrangement of the transmembrane helices to allow G protein binding and activation
450 (Fig. 6C).

451 Tuning pH sensitivity in the proton sensor family

452  We next turned to examine whether GPR4 and GPR65 sense protons through a similar
453 network of residues as GPRG68. If they do, we would expect that the same positions
454  critical for GPR68 activation are also important for the activation of GPR4 and GPRG65.
455  Across the family, there are several structurally conserved positions with ionizable

456 residues (Fig. 2F, Fig. S19).

457

458 We first investigated the role of a conserved acidic residue within ECL2 (E170 in GPR4
459 and D172 in GPRG5). Similar to GPR68, alanine and neutralizing mutations to this

460 position cause a pronounced decrease in the cooperativity (Hill slopes) at each receptor
461 (Fig. S19, Tables S4-5). The effect on proton potency is diminished in GPR65 and

462 negligible in GPR4. These differential effects highlight the role that this residue plays in
463 receptor activity. At higher pH, ECL2 is likely stabilized by several other interactions. At
464 lower pH (e.g., in GPR68), this residue becomes more critical for stabilizing that

465 conformation and thus also has a large effect on proton potency when mutated.

466

467 Both GPR4 and GPRG65 have a negatively charged extracellular-facing cavity similar to
468 GPR68. Having learned the charge dependence of GPR68 H2697-3¢, which is positioned
469  at the top of this cavity, we tested the homologous set of mutations for GPR4 (H2697-36)
470 and GPR65 (R273736). Indeed, at this site, we see that negatively charged residues
471 universally decrease proton potency (Fig. S19, Tables S4-5). Positively charged

472 residues at this position in GPR4 and GPR65 have less pronounced effects, perhaps
473  highlighting that these positions are already protonated and at more basic pH

474  conditions.

475

476  Finally, we examined the conserved glutamate, E*53, which is in the middle of TM4 and
477  buried far from both the extracellular solvent and the intracellular G protein binding

478 pocket in each receptor. This position potentially serves as a key link between the

479 proton-sensing network and residues involved in canonical activation motifs*’. We

480 hypothesized that the effects we demonstrated in GPR68 may thus hold true in GPR4
481 and GPRG65 as well. In agreement with previous work, we observe an increase in

482  potency for each receptor upon mutation to glutamine: GPR4 E145Q* %3 increases pHso
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483 by ~0.25. GPR65 E142Q**3 increases pHso by ~0.1 and GPR68 E149Q*3 increases
484  pHso by nearly a full pH unit (Fig. S18-19, Tables S$4-5)°.

485

486  With these studies, we conclude that each receptor in the family shares a common

487  buried acidic residue at which protonation likely drives activation. Furthermore, each
488 receptor has a similar sensing mechanism on the extracellular side of the receptor, but
489 the exact identity of the residues comprising it differs slightly between them.

490

491 Discussion

492  Our integrative structural and deep mutational scanning studies suggest a general

493 model for how protons activate the proton sensing GPCRs. Using GPR68 as a

494  prototype of the proton sensing GPCR subfamily, we find that a network of amino acids
495 connects an extracellular facing cavity to a conserved charged residue buried in the
496 transmembrane core of the receptor. Protonation likely drives conformational changes
497 in ECL2, which further stabilizes movement of TM3 and a series of rearrangements that
498 connect the extracellular facing cavity to E*53, a residue uniquely conserved in the

499 proton sensing GPCRs. While we identify specific amino acids that are likely protonated
500 upon activation, it is likely that additional sites bind protons upon receptor activation.
501 Several observations support such a distributed network of proton sensing. First, for
502 each proton sensing receptor, cCAMP assays reveal a pH Hill slope >4, suggesting

503 significant cooperativity in proton-dependent activation. Second, our chimeric receptor
504  constructs between GPR4 and GPR68 suggest that multiple distributed regions within
505 the extracellular portions of the receptors define the pH setpoint. Finally, our DMS

506 experiments do not identify a single cluster for GPR68, but instead many distinct

507 residues in the extracellular regions with functional consequences. Although there are
508 nuances to the proton-sensing domain of each proton-sending receptor, these networks
509 converge upon hallmark GPCR maotifs which link ligand binding to a conformational

510 change allowing G protein binding. This provides an activation pathway from

511  extracellular proton binding to G protein activation, and it points towards a conserved
512  model across the family where GPCR proton sensing is not localized to a single site.
513

514  The distributed model for proton sensing-based GPCR activation contrasts with

515  structure-guided mechanisms proposed for other membrane protein proton sensors and
516 transporters. For many of these membrane proteins, proton-driven activation has been
517  ascribed to single or small subsets of amino acids'-33-4061 By contrast, our deep

518 mutational scanning approach highlights that many protonatable residues contribute to
519 proton-dependent activation in GPRG8. A similar distributed network is likely important
520 for GPR4 and GPRG65. Although dramatic charge reversing substitutions at critical

521  proton-recognition sites alter the pHso of receptor activation, they do not ablate proton
522  sensitivity in each of the proton sensing GPCRs. We speculate that this distinction in
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mechanism of proton sensitivity between GPCRs and ion channels may reflect the
distinct biology associated with these proton sensors, with more distributed proton
sensing networks in the proton sensing GPCRs being more amenable to tuning pH
sensitivity over evolution.

Our approach to analyze the functional consequence of each amino acid in GPR68
provides key advances in deep mutational scanning to understand GPCR function. The
cAMP-driven transcriptional reporter assay used to interrogate GPRG8 is directly
transferable to a large number of GPCRs that modulate cAMP, either by stimulating or
inhibiting adenylyl cyclase. An additional advance is an engineered system that only
integrates cAMP-driven transcriptional output in the presence of the receptor stimulus;
this overcomes fundamental challenges with basal signaling suppressing the signal-to-
noise of transcriptional readouts of GPCR activation. Perhaps the most important
advance we introduce here is accounting for surface expression while evaluating the
effect of any mutation on cAMP production. In the absence of such normalization, many
loss or gain of function mutations simply reflect changes in receptor biogenesis or
trafficking to the cell surface. By developing a way to integrate mutational scanning for
multiple phenotypes, we unambiguously identified residues critical for GPRG8 activation
by protons.

More broadly, our integration of structural biology and deep mutational scanning is likely
to provide a new foundation for interrogation of the rich complexity of GPCR function.
While the present study examines only two phenotypes, future work could incorporate
robust assays for other aspects of GPCR function, including signaling through different
G protein and B-arrestin pathways, receptor internalization, location dependent
signaling, and receptor biogenesis. While the power of our approach is clear for
receptors with stimuli that are invisible to conventional structural biology, these
integrative approaches are broadly able to bridge insights gained from biochemical and
structural studies with the significant complexity of GPCR function in the cellular
context. We envision that integrative interrogation of GPCR structures will reveal
determinants of orthosteric and allosteric ligand binding, novel allosteric sites, and
regions of receptors important in engaging signal transducers and regulatory
complexes. Together, these approaches will allow the development of more quantitative
models of receptor function, enable further therapeutic development, and uncover novel
receptor biology.
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558 Materials and Methods
559 GloSensor cAMP assays

560 Proton-sensing GPCR Gs activation and cAMP production were determined using the
561 GloSensor cAMP assay. The following method was adopted from a previously

562  published procedure with modifications**. In detail, HEK293T cells were maintained and
563 cotransfected with receptor DNA and GloSensor cAMP reporter plasmids in DMEM

564 containing 10% FBS. Overnight transfected cells were plated in poly-I-lysine coated
565 384-well white clear-bottom plates in DMEM supplemented with 1% dialyzed fetal

566 bovine serum (dFBS), about 15,000 cells in 40 uL per well, for a minimum of 6 h up to
567 24 h. Assay buffers were prepared in 1x Calcium- and Magnesium-free HBSS

568 supplemented with different organic buffer agents for different pH ranges, 20 mM MES
569 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.
570 pH was adjusted with KOH at room temperature. PDE inhibitor Ro 20-1724 at final 10
571 pM was added to working solutions just before the assays. To stimulate cells with

572  desired pH solutions, cells were first removed of medium (gently shaking off) and

573 stimulated with desired pH solutions (25 pl/well) supplemented with 2 mM luciferin. The
574  cell plate was incubated at room temperature for 20 - 30 min before luminescence was
575 counted. For stimulation solutions with pH below 6.0, cells (medium was not removed)
576 first received 10 pl pH 7.4 assay buffer containing luciferin (final 2 mM) and Ro 20-1724
577  (final of 10 yM) for a minimum of 30 min. After luciferin loading, medium and luciferin
578  solutions were removed; cells were then stimulated with desired pH solutions containing
579 2 mM luciferin and 10 uM Ro 20-1724 as above. The cell plate was incubated at room
580 temperature for 20 - 30 min before counting. Data presented in Figures here has been
581 normalized to % max response or fold of basal, pooled for analysis using the built-in 4
582 parameter logistic function in the GraphPad Prism V10. Full tables of pharmacologic
583 parameters can be found in Tables S1, S$3-5.

584 GPR68 Deep Mutational Scan

585 GPR68 deep mutational scanning library generation

586 Our DIMPLE platform was used to generate the GPR68 deep mutational library®'.

587  Briefly, we designed the library to contain all missense mutations at each position in

588 GPR68. We additionally included synonymous mutations and insertions and deletions of
589 1, 2, and 3 amino acids at each position. These mutations were encoded in oligos with
590 flanking Bsal sites and then ordered as a SurePrint Oligonucleotide library (Agilent

591  Technologies)(Table S6). This DNA was resuspended and the sublibrary fragments

592  were amplified using PrimeStar GXL DNA polymerase and fragment-specific primers
593 (Table S7). These reactions were subjected to PCR cleanup using Zymo Clean and

594  Concentrate-5 kits. The cDNA sequence of GPR68 WT was synthesized by Twist

16


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which

595
596
597
598
599
600
601
602
603
604
605
606
607

608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628

629
630
631
632
633
634

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Bioscience in their High Copy Number Kanamycin backbone, BsmBI and Bsal cutsites
were removed. For each library fragment, this plasmid was amplified to add Bsal sites,
gel purified, and the corresponding oligo sublibrary were assembled using Bsal-
mediated Golden Gate assembly. These reactions were cleaned and transformed into
MegaX DH10B cells and added to 30mL LB + Kanamycin and grown while shaking until
they reached OD 0.6-0.7. DNA was isolated using a Zymo Zyppy Plasmid Miniprep kit.
Each sublibrary was quantified using Invitrogen Qubit dsDNA HS assay kit and pooled
in equimolar ratios. This pooled library was then assembled into our landing pad
compatible cAMP reporter vector containing a GSGSGS-P2A-PuroR cassette for
positive selection. The sequences of our empty cAMP transcriptional reporter plasmid
and GPR68 WT plasmid are provided in Table S8.

GPR68 DMS cell line generation

The HEK 293T LLP-iCasp9 cells used in this study were a gift from Doug Fowler
(UW)%2, Cell lines for GPR68 WT and the GPR68 mutational library were generated as
follows. 1ug of DNA was cotransfected with 1ug BxB1 recombinase (pCAG-NLS-BxB1,
Addgene #51271) using 3.75uL lipofectamine 3000 and SuL P3000 reagent in 6 wells of
a 6 well plate. For GPR68 WT, 2 wells were transfected and pooled following selection.
For the GPRG68 library, 18 wells were transfected in parallel. Cells were cultured in
“‘D10” media (DMEM, 10% dialyzed FBS, 1% sodium pyruvate, and 1%
penicillin/streptomycin) inside humidified incubators at 37C and 5% CO2 The landing
pad in the cell line 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 hyclate (2ug/mL) and treat with 10nM AP1903. Recombined
cells have shifted the iCasp-9 cassette out of frame while unrecombined 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, full-length assemblies. Following puromycin selection
for two days, cells were transitioned to D10 and expanded before freezing down or
using in subsequent assays.

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 sort. 36h prior to starting the assay, cells were induced with doxycycline
hyclate (2ug/mL). Doxycycline was subsequently washed out after 24h and cells were
maintained in D10 for the remaining 12h prior to sorting. For the pH and pH + 30uM
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635 ogerin conditions, the pH of D10 media was adjusted using HCI on the same day as the
636 assay. The cAMP assay was run as follows: cells were swapped to D10 (at indicated
637 pH) with trimethoprim for 8h. After this incubation, cells were detached using TrpyLE
638 Express, washed, and resuspended in BD FACS buffer. The surface expression assay
639 was run similarly, cells were simply detached using TrypLE after induction, stained with
640 M2 FLAG APC-Surelight antibody (Abcam), washed 3x, and then kept covered on ice
641  prior to sorting. Cell sorting was performed using a Cytoflex SRT. Briefly, cells were
642 gated on FSC-A and SSC-A for HEK293T cells, then FSC-A and FSC-H for singlets.
643 For the cAMP assay, we assessed activity using eGFP on the FITC-A channel, and for
644  surface expression assays, the APC-A channel. For the cAMP sorting experiments, the
645 population was split into four roughly equal populations (% cells) based on the most
646  active condition, pH 5.5 + 30uM Ogerin. These gates were maintained for all

647 subsequent samples. For surface expression assays, the population was largely

648 bimodal, and we gated using the peaks of each distribution and the intervening trough.
649 For sorting experiments we aimed to collect cells equal or greater than 100x the

650 expected number of variants in our library.

651

652 Genomic DNA extraction and sequencing

653 Following cell sorting, genomic DNA (gDNA) was extracted from cells using Quick-DNA
654 Zymo Microprep Plus kits. All resultant gDNA was used as template for PCR to

655 generate amplicons of the target gene using cell_line_for_5 and P2A_cell_line_rev

656 primers (Table S7). PCR reactions were then concentrated using Zymo DNA Clean and
657  Concentrator-25 kits, mixed with NEB Purple Loading dye (6x, no SDS) and run on a
658 1% agarose 1x TBE gel. Target amplicons were excised and purified using Zymo Gel
659 DNA Recovery kits. Amplicon DNA concentrations were then quantified using Invitrogen
660 Qubit dsDNA HS assay kit.

661

662 Libraries were prepared for deep sequencing using the lllumina Nextera XT DNA

663 Library prep kit. Libraries were indexed using the IDT for Nextera Unique Dual Indexes.
664 Then, the lengths of indexed libraries were quantified using the Agilent TapeStation HS
665 D5000 assay and concentrations were determined using Invitrogen Qubit dsDNA HS
666 assay kit. Samples were normalized and pooled and then paired-end sequenced (SP)
667 on a NovaSeq6000.

668 Next generation sequencing data processing

669 Sequencing files were obtained from the sequencing core as fastq.gz after

670 demultiplexing. The experiment was processed using a DMS-specific pipeline we have
671 developed®. The pipeline implemented the following steps: first, adapter sequences
672 and contaminants were removed using BBDuk, then paired reads were error corrected
673 with BBMerge and mapped to the reference sequence using BBMap with 15-mers (all
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from BBTools®). Variants in the mapped SAM file were called using the
AnalyzeSaturationMutagenesis tool in GATK v485, The output of this tool is a CSV
containing the genotype of each distinct variant as well as the total number of reads for
each sample. This was then further processed using a python script which filtered out
sequences that were not part of the designed variants and then formatted input files for
Enrich253. Enrichment scores were calculated from the collected processed files using
weighted least squares and normalized using wild-type sequences. The final scores
were then processed and plotted using R. A copy of this processing pipeline,
sequencing counts, and fithess scores has been deposited in the Github repositories
listed in the data availability section.

GPR68 Deep Mutational scanning data analysis

Deep mutational scanning data were analyzed in R as described in the text. All scripts
used to make figures have been deposited in a Github repository listed in the data
availability section.

GPR4, GPR65, GPR68 purification and structure determination

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 (miniGsagg for
GPR4 and GPR65 and miniGs/q70 for GPR68) 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 ug/mL
doxycycline hyclate for 24 h before collection by centrifugation. Pelleted cells were
washed with 50mL 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, 1mM
EDTA, 160 pg/mL benzamidine, 2 ug/mL leupeptin for 10min 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 MgClz, 2 mM
CaClz, 160 pg/mL benzamidine, 2 uyg/mL leupeptin with dounce homogenization and
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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 MgClz, 2 mM CaClz and then with 20 mM MES, pH 6, 150 mM NaCl,
0.0075% (w/v) L-MNG, 0.00075% (w/v) CHS, 2 mM MgCl., 2 mM CaCl, prior to elution
with 20 mM MES, pH 6, 150 mM NacCl, 0.0075% (w/v) L-MNG, 0.00075% (w/v) CHS,
5mM EDTA, 0.2 mg/mL Flag peptide. Eluted protein was concentrated in a 100 kDa
MWCO Amicon spin concentrator, and injected onto a Superdex200 Increase 10/300GL
(Cytiva) gel filtration column equilibrated in 20 MM MES, pH 6, 150 mM NacCl, 0.0075%
(w/v) L-MNG, 0.0025% glyco-diosgenin (GDN, Anatrace), and 0.0005% CHS.
Monodisperse fractions were complexed with Ggi1y2 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 Gg1y2 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 GPRG68 structures with Co?*, 10 uM Co?* 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 Ggi1y2

Human Gg1y2 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 Gg1 subunit with a
N-terminal 6 x His tag, and an untagged human G,z subunit. For expression, Hi5 insect
cells were transduced with baculovirus at a density of ~3.0 x 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 B-mercaptoethanol (3-
ME), and protease inhibitors (20 ug/mL leupeptin, 160 ug/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 B-mercaptoethanol (B-ME). Solubilized Gg1y2
heterodimer was then incubated with HisPur Ni-NTA resin (Thermo Scientific) in batch.
Bound Gg1y2 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 Gg1y2
heterodimer was pooled and rhinovirus 3C protease was added to cleave the N-terminal
6 x His tag during overnight dialysis in 20 mM HEPES pH 7.5, 100 mM NaCl, 0.02% L-
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MNG, 0.002% CHS, 1 mM DTT, and 10 mM imidazole. To remove uncleaved Gg1y2,
dialysed material was incubated with HisPur Ni-NTA resin in batch. The unbound
fraction was then incubated for 1h 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 20mM HEPES pH 7.5, 100mM NacCl, 0.02% L-MNG, and 100uM TCEP,
and concentrated with a 3kDa centrifugal concentrator to a final concentration of

162 uM. 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 MgClz, and 50 pg/mL kanamycin. Cells were induced with 400 uM 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 ug/mL leupeptin, 160 ug/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 MgCl. 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 CaCly, 0.2mg/mL protein C-peptide, and 5mM EDTA pH 8.0,
concentrated in a 10kDa MWCO Amicon filter and injected over a Superdex S75
Increase 10/300GL column (Cytiva) size-exclusion chromatography column equilibrated
in 20mM HEPES pH 7.5, 100mM NaCl. Monodisperse Nb35 fractions were pooled,

concentrated, and flash frozen in liquid nitrogen for storage at —80°C until further use.
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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 uL 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 A/pixel)
and a defocus range of -1 to -2.1 um for a total dose of 50.7 e/A2. Exposure areas were
acquired with image shift collection using EPU (Thermo Fisher). Movies of the GPR4-Gs
pH 6 complex were motion-corrected and dose-fractionated using UCSF MotionCor2%8.
Corrected micrographs were imported into cryoSPARC v3%’. for CTF estimation via the
Patch Estimation job. Micrographs with estimated CTF fit resolution > 5 A 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 A 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 A 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 A, 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 uL 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 8,294 movies were
recorded with a K3 detector (Gatan) on a Titan Krios (Thermo Fisher) microscope
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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 A/pixel)
and a defocus range of -1 to -2.1 um for a total dose of 46 e/A2. Exposure areas were
acquired with image shift collection using SerialEM 3.8%. Movies of the GPR65-Gs pH 6
complex were motion-corrected and dose-fractionated using UCSF MotionCor26¢,
Corrected micrographs were imported into cryoSPARC v3.1 for CTF estimation via the
Patch Estimation job®”. Micrographs with estimated CTF fit resolution > 5 A 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 A 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 A 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 package, and a mask covering the 7TM domain of
GPR65 was generated using the Segger tool in UCSF ChimeraX and the Volume Tools
utility in cryoSPARC®®70. The particles and mask were imported into Relion v3.0 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 cisTEM for 7TM local
refinements using the Manual Refinement job type and low-pass filtering outside of the
mask’2.

GPR68-Gs/q pH 6 complex

The GPR68-G4 pH 6 complex was concentrated to 4 mg/mL and 3 uL 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 A/pixel) and a defocus range of -1 to -2.1 ym for a total
dose of 50 e/A2. Exposure areas were acquired with image shift collection using EPU
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(Thermo Fisher). Movies of the GPR68-G4 pH 6 complex were motion-corrected and
dose-fractionated using UCSF MotionCor2%6. Corrected micrographs were imported into
cryoSPARC v3.1 for CTF estimation via the Patch Estimation job®”. Micrographs with
estimated CTF fit resolution > 5 A 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 A 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 A 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 package, and a mask covering the
7TM domain of GPR68 was generated using the Segger tool in UCSF ChimeraX and
the mask.py pyem script’®72. The particles and mask were imported into Relion v3.0
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 cisTEM 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 yL 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 A/pixel) and a defocus range of -1 to -2.1 ym for a total dose
of 49 e/A%. Exposure areas were acquired with image shift collection using SerialEM
3.8%. Movies of the GPR68-Gs pH 6 complex were imported into cryoSPARC v3.1 for
motion-correction, dose-fractionation, and CTF estimation®’. Micrographs with estimated
CTF fit resolution > 5 A 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 A 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 A low-
pass filtered reconstruction and “garbage collectors” with the Heterogeneous
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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 package, and a mask covering the 7TM domain of
GPR68 was generated using the Segger tool in UCSF ChimeraX and the mask.py pyem
script®®7°. The particles and mask were imported into Relion v3.0 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
cisTEM for two local refinements using the Manual Refinement job type and low-pass
filtering outside of masks’2. 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 Alphafold2 predicted structures as the
starting models, which were fitted into the experimental cryoEM maps using UCSF
ChimeraX”3. The model was iteratively refined with real space refinement in Phenix and
manually in Coot and Isolde’#-7®. The cholesteryl hemisuccinate model and rotamer
library were generated with the PRODRG server, docked using Coot, and refined in
Phenix and Isolde’”. Final map-model validations were carried out using Molprobity and
EMRinger in Phenix.

25


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

914

915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938

available under aCC-BY-NC-ND 4.0 International license.

References and notes

1.

10.

11.

Jasti, J., Furukawa, H., Gonzales, E. B. & Gouaux, E. Structure of acid-sensing ion channel
1 at 1.9 A resolution and low pH. Nature 449, 316-323 (2007).

Jordt, S. E., Tominaga, M. & Julius, D. Acid potentiation of the capsaicin receptor
determined by a key extracellular site. Proc. Natl. Acad. Sci. U. S. A. 97, 8134—-8139
(2000).

Yang, J. et al. PAC, an evolutionarily conserved membrane protein, is a proton-activated
chloride channel. Science 364, 395-399 (2019).

Li, B., Rietmeijer, R. A. & Brohawn, S. G. Structural basis for pH gating of the two-pore
domain K+ channel TASK2. Nature 586, 457—462 (2020).

Rahman, M. F., Askwith, C. & Govindarajan, R. Molecular determinants of acidic pH-
dependent transport of human equilibrative nucleoside transporter 3. J. Biol. Chem. 292,
14775-14785 (2017).

Choi, J. W., Lee, S. Y. & Choi, Y. Identification of a putative G protein-coupled receptor
induced during activation-induced apoptosis of T cells. Cell. Immunol. 168, 78-84 (1996).
Ludwig, M.-G. et al. Proton-sensing G-protein-coupled receptors. Nature 425, 93—-98
(2003).

Kumar, N. N. et al. PHYSIOLOGY. Regulation of breathing by CO, requires the proton-
activated receptor GPR4 in retrotrapezoid nucleus neurons. Science 348, 1255-1260
(2015).

Robert, R. & Mackay, C. R. Gas-coupled GPCRs GPR65 and GPR174. Downers for
immune responses. Immunology and cell biology vol. 96 341-343 (2018).

Lassen, K. G. et al. Genetic Coding Variant in GPR65 Alters Lysosomal pH and Links
Lysosomal Dysfunction with Colitis Risk. Immunity 44, 1392—1405 (2016).

Wirasinha, R. C. et al. GPR65 inhibits experimental autoimmune encephalomyelitis through

26


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

available under aCC-BY-NC-ND 4.0 International license.

CD4+ T cell independent mechanisms that include effects on iNKT cells. Immunol. Cell
Biol. 96, 128-136 (2018).

Xu, J. et al. GPR68 Senses Flow and Is Essential for Vascular Physiology. Cell 173, 762—
775.e16 (2018).

Mercier, V. et al. IBD-associated G protein-coupled receptor 65 variant compromises
signalling and impairs key functions involved in inflammation. Cell. Signal. 93, 110294
(2022).

Li, R. et al. The proton-activated G protein-coupled receptor GPR4 regulates the
development of osteoarthritis via modulating CXCL12/CXCR?7 signaling. Cell Death Dis. 13,
152 (2022).

Wang, L. et al. GPR65 as a potential immune checkpoint regulates the immune
microenvironment according to pan-cancer analysis. Heliyon 9, e13617 (2023).

Wiley, S. Z., Sriram, K., Salmerdn, C. & Insel, P. A. GPR68: An Emerging Drug Target in
Cancer. Int. J. Mol. Sci. 20, (2019).

Shore, D. et al. GPR68 limits the severity of chemical-induced oral epithelial dysplasia. Sci.
Rep. 13, 1-11 (2023).

Reeh, P. W. & Steen, K. H. Chapter 8. Tissue acidosis in nociception and pain. in Progress
in Brain Research (eds. Kumazawa, T., Kruger, L. & Mizumura, K.) vol. 113 143-151
(Elsevier, 1996).

Huang, X.-P., Kenakin, T. P., Gu, S., Shoichet, B. K. & Roth, B. L. Differential Roles of
Extracellular Histidine Residues of GPR68 for Proton-Sensing and Allosteric Modulation by
Divalent Metal lons. Biochemistry 59, 3594—-3614 (2020).

Rowe, J. B., Kapolka, N. J., Taghon, G. J., Morgan, W. M. & Isom, D. G. The evolution and
mechanism of GPCR proton sensing. J. Biol. Chem. 296, 100167 (2021).

Wang, J.-Q. et al. TDAGS8 Is a Proton-sensing and Psychosine-sensitive G-protein-coupled

Receptor*. J. Biol. Chem. 279, 45626—-45633 (2004).

27


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

available under aCC-BY-NC-ND 4.0 International license.

Ring, A. M. et al. Adrenaline-activated structure of 32-adrenoceptor stabilized by an
engineered nanobody. Nature 502, 575-579 (2013).

Yu, J. et al. Structural Basis of y-Opioid Receptor-Targeting by a Nanobody Antagonist.
bioRxiv 2023.12.06.570395 (2023) doi:10.1101/2023.12.06.570395.

Billesbglle, C. B. et al. Structural basis of odorant recognition by a human odorant receptor.
Nature 615, 742-749 (2023).

Koehl, A. et al. Structure of the p-opioid receptor-Gi protein complex. Nature 558, 547-552
(2018).

Papasergi-Scott, M. M. et al. Time-resolved cryo-EM of G protein activation by a GPCR.
bioRxiv 2023.03.20.533387 (2023) doi:10.1101/2023.03.20.533387.

Palczewski, K. et al. Crystal structure of rhodopsin: A G protein-coupled receptor. Science
289, 739-745 (2000).

Liu, W. et al. Structural basis for allosteric regulation of GPCRs by sodium ions. Science
337, 232-236 (2012).

Fowler, D. M. & Fields, S. Deep mutational scanning: a new style of protein science. Nat.
Methods 11, 801-807 (2014).

Yee, S. W. et al. The full spectrum of OCT1 (SLC22A1) mutations bridges transporter
biophysics to drug pharmacogenomics. bioRxiv 2023.06.06.543963 (2023)
doi:10.1101/2023.06.06.543963.

Weng, C., Faure, A. J., Escobedo, A. & Lehner, B. The energetic and allosteric landscape
for KRAS inhibition. Nature (2023) doi:10.1038/s41586-023-06954-0.

Faure, A. J. et al. Mapping the energetic and allosteric landscapes of protein binding
domains. Nature 604, 175-183 (2022).

Tsuboyama, K. et al. Mega-scale experimental analysis of protein folding stability in biology
and design. Nature 620, 434—444 (2023).

Heredia, J. D. et al. Mapping Interaction Sites on Human Chemokine Receptors by Deep

28


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

available under aCC-BY-NC-ND 4.0 International license.

Mutational Scanning. J. Immunol. 200, 3825-3839 (2018).

Penn, W. D. et al. Probing biophysical sequence constraints within the transmembrane
domains of rhodopsin by deep mutational scanning. Sci Adv 6, eaay7505 (2020).

Park, J. et al. Structural architecture of a dimeric class C GPCR based on co-trafficking of
sweet taste receptor subunits. J. Biol. Chem. 294, 4759-4774 (2019).

Jones, E. M. et al. Structural and functional characterization of G protein-coupled receptors
with deep mutational scanning. Elife 9, (2020).

Vullo, S. et al. Conformational dynamics and role of the acidic pocket in ASIC pH-
dependent gating. Proc. Natl. Acad. Sci. U. S. A. 114, 3768-3773 (2017).

Sun, D. et al. Structural insights into human acid-sensing ion channel 1a inhibition by snake
toxin mambalgin1. Elife 9, e57096 (2020).

Ruan, Z., Osei-Owusu, J., Du, J., Qiu, Z. & Lu, W. Structures and pH-sensing mechanism
of the proton-activated chloride channel. Nature 588, 350—354 (2020).

Ballesteros, J. A. & Weinstein, H. [19] Integrated methods for the construction of three-
dimensional models and computational probing of structure-function relations in G protein-
coupled receptors. in Methods in Neurosciences (ed. Sealfon, S. C.) vol. 25 366—-428
(Academic Press, 1995).

Nehmé, R. et al. Mini-G proteins: Novel tools for studying GPCRs in their active
conformation. PLoS One 12, e0175642 (2017).

Mogi, C. et al. Sphingosylphosphorylcholine antagonizes proton-sensing ovarian cancer G-
protein-coupled receptor 1 (OGR1)-mediated inositol phosphate production and cAMP
accumulation. J. Pharmacol. Sci. 99, 160-167 (2005).

Yu, X. et al. Design, Synthesis, and Characterization of Ogerin-Based Positive Allosteric
Modulators for G Protein-Coupled Receptor 68 (GPR68). J. Med. Chem. 62, 7557-7574
(2019).

Tobo, A. et al. Characterization of Imidazopyridine Compounds as Negative Allosteric

29


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1017 Modulators of Proton-Sensing GPR4 in Extracellular Acidification-Induced Responses.
1018 PLoS One 10, e0129334 (2015).

1019  46. Huang, X.-P. et al. Allosteric ligands for the pharmacologically dark receptors GPR68 and
1020 GPRG65. Nature 527, 477-483 (2015).

1021  47. Kapur, B. et al. Protons taken hostage: Dynamic H-bond networks of the pH-sensing
1022 GPR68. Comput. Struct. Biotechnol. J. 21, 4370-4384 (2023).

1023  48. Matsingos, C., Howell, L. A., McCormick, P. J. & Fornili, A. Elucidating the activation
1024 mechanism of the proton-sensing GPR68 receptor. bioRxiv 2023.12.08.570878 (2023)
1025 doi:10.1101/2023.12.08.570878.

1026  49. Zahm, A. M. et al. Discovery and Validation of Context-Dependent Synthetic Mammalian
1027 Promoters. bioRxiv 2023.05.11.539703 (2023) doi:10.1101/2023.05.11.539703.

1028 50. Wisler, J. W. et al. A uniqgue mechanism of B-blocker action: Carvedilol stimulates B-arrestin
1029 signaling. Proceedings of the National Academy of Sciences 104, 16657—16662 (2007).
1030 51. Macdonald, C. B. et al. DIMPLE: deep insertion, deletion, and missense mutation libraries
1031 for exploring protein variation in evolution, disease, and biology. Genome Biol. 24, 36
1032 (2023).

1033 52. Matreyek, K. A,, Stephany, J. J., Chiasson, M. A., Hasle, N. & Fowler, D. M. An improved
1034 platform for functional assessment of large protein libraries in mammalian cells. Nucleic
1035 Acids Res. 48, e1—-e1 (2019).

1036  53. Rubin, A. F. et al. A statistical framework for analyzing deep mutational scanning data.
1037 Genome Biol. 18, 150 (2017).

1038 54. Coyote-Maestas, W. et al. Probing ion channel functional architecture and domain

1039 recombination compatibility by massively parallel domain insertion profiling. Nat. Commun.
1040 12, 7114 (2021).

1041  55. Coyote-Maestas, W., Nedrud, D., He, Y. & Schmidt, D. Determinants of trafficking,

1042 conduction, and disease within a K+ channel revealed through multiparametric deep

30


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

available under aCC-BY-NC-ND 4.0 International license.

mutational scanning. Elife 11, (2022).

McKee, A. G. et al. Systematic profiling of temperature- and retinal-sensitive rhodopsin
variants by deep mutational scanning. J. Biol. Chem. 297, 101359 (2021).

Zhou, Q. et al. Common activation mechanism of class A GPCRs. Elife 8, (2019).

Hauser, A. S. et al. GPCR activation mechanisms across classes and macro/microscales.
Nat. Struct. Mol. Biol. 28, 879-888 (2021).

Manglik, A. et al. Crystal structure of the y-opioid receptor bound to a morphinan
antagonist. Nature 485, 321-326 (2012).

Rasmussen, S. G. F. et al. Crystal structure of the 32 adrenergic receptor-Gs protein
complex. Nature 477, 549-555 (2011).

Wang, L., Hall, C., Li, J., Choi, E. & Bai, X.-C. Structural basis of the alkaline pH-dependent
activation of insulin receptor-related receptor. Nat. Struct. Mol. Biol. (2023)
doi:10.1038/s41594-023-00974-0.

de March, C. A. et al. Engineered odorant receptors illuminate structural principles of odor
discrimination. bioRxiv 2023.11.16.567230 (2023) doi:10.1101/2023.11.16.567230.

Rao, J. et al. Rosace: a robust deep mutational scanning analysis framework employing
position and mean-variance shrinkage. bioRxiv 2023.10.24.562292 (2023)
doi:10.1101/2023.10.24.562292.

Bushnell, B. BBTools software package. Preprint at (2014).

Van der Auwera, G. A. & O’Connor, B. D. Genomics in the Cloud: Using Docker, GATK,
and WDL in Terra. (‘O’Reilly Media, Inc.’, 2020).

Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced motion for improved
cryo-electron microscopy. Nat. Methods 14, 331-332 (2017).

Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms for
rapid unsupervised cryo-EM structure determination. Nat. Methods 14, 290-296 (2017).

Mastronarde, D. N. SerialEM: A Program for Automated Tilt Series Acquisition on Tecnai

31


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090

1091

69.

70.

71.

72.

73.

74.

75.

76.

77.

available under aCC-BY-NC-ND 4.0 International license.

Microscopes Using Prediction of Specimen Position. Microsc. Microanal. 9, 1182—-1183
(2003).

Creators Daniel Asarnow1 Eugene Palovcak1 Yifan Cheng1 Show affiliations 1. University
of California, San Francisco. Asarnow/pyem: UCSF Pyem v0.5.
doi:10.5281/zenodo.3576630.

Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers, educators,
and developers. Protein Sci. 30, 70-82 (2021).

Zivanov, J. et al. New tools for automated high-resolution cryo-EM structure determination
in RELION-3. Elife 7, e42166 (2018).

Grant, T., Rohou, A. & Grigorieff, N. cisTEM, user-friendly software for single-particle image
processing. Elife 7, e35383 (2018).

Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589 (2021).

Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular
structure solution. Acta Crystallogr. D Biol. Crystallogr. 66, 213—-221 (2010).

Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta
Crystallogr. D Biol. Crystallogr. 60, 2126—2132 (2004).

Croll, T. I. ISOLDE: a physically realistic environment for model building into low-resolution
electron-density maps. Acta Crystallogr D Struct Biol 74, 519-530 (2018).

Schittelkopf, A. W. & van Aalten, D. M. F. PRODRG: a tool for high-throughput
crystallography of protein-ligand complexes. Acta Crystallogr. D Biol. Crystallogr. 60, 1355—

1363 (2004).

32


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which

1092

1093
1094

1095

1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113

1114

1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

We thank all members of the Coyote-Maestas and Manglik labs for their helpful
feedback and discussion as we conducted this project.

Funding

This work was supported by the National Institutes of Health (NIH) Ruth L. Kirschstein
Predoctoral Fellowship F31HL164045 (N.H.), Ruth L. Kirschstein Postdoctoral
Fellowship 1F32GM152977 (C.M.), Ruth L. Kirschstein Predoctoral Fellowship
1F31AI157438 (D.T.), NIGMS 5T32GM139786 (M.K.H.), NIGMS T32GM141323 (E.M.),
and NIMH 1R21MH120422-01 (XH). Cryo-EM equipment at UCSF is partially supported
by NIH grants S100D020054 and S100D021741. Some of this work was performed at
national electron microscopy facilities including: Stanford-SLAC Cryo-EM Center
(S2C2), which is supported by the National Institutes of Health Common Fund
Transformative High-Resolution Cryo-Electron Microscopy program (U24 GM129541),
National Cancer Institute Cryo-Electron Microscopy Facility, and Pacific Northwest
Center for Cryo-EM. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health. A.M.
acknowledges support from the Edward Mallinckrodt, Jr. Foundation and the Vallee
Foundation. A.M. and W.C.M. are Chan Zuckerberg Biohub San Francisco
Investigators. W.C.M. Acknowledges support from a Howard Hughes Medical Institute
Hanna Gray Fellowship and the UCSF Quantitative Biosciences Institute Fellow
Funding. The funders had no role in the study design, data collection and analysis,
decision to publish, or preparation of the paper.

Author contributions

M.K.-H., P.R.G., D.T., and W.C.M. generated and cloned the GPR68 deep mutational
library. M.K.H designed and performed deep mutational scan experiments with input
and assistance from N.H., A.Z., J.E., AM., and W.C.M.. C.M. processed raw NGS
sequencing data. M.K.H. analyzed deep mutational scanning datasets with input from
N.H., A.M., and W.C.M. N.H. cloned, expressed, and biochemically optimized the
purification of proton sensor constructs for structural studies. N.H. performed cryo-EM
data collection, with help from cryo-EM facilities, and data processing. N.H., E.M., and
A.M. built and refined models of the proton sensors. M.K.H., N.H., and X.H. generated
receptor constructs, performed signaling studies, and analyzed the data. M.K.H. and
N.H. prepared figures with input from W.C.M. and A.M.. M.K.H., N.H., W.C.M., and
A.M., wrote the manuscript, with edits and approval from all authors. W.C.M. and A.M.
supervised the overall project.

33


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which

1127

1128
1129

1130

1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Competing Interests

A.M. is a founder of Epiodyne and Stipple Bio, consults for Abalone, and serves on the
scientific advisory board of Septerna.

Data and materials availability

Coordinates for the GPR4-Gs, GPR65-Gs, GPR68-Gs and GPR68-Gsq complexes have
been deposited in the RCSB Protein Data Bank under accession codes XXXX, XXXX,
XXXX, and XXXX respectively. EM density maps for GPR4-Gs, GPR65-Gs, GPR68-Gs
and GPR68-Gs/q complexes have been deposited in the Electron Microscopy Data Bank
under accession codes XXXXX, XXXXX, XXXXX, and XXXXX, respectively.

Sequencing data from the GPR68 deep mutational scan have been deposited in the
NCBI Sequence Read Archive under bioproject PRINA1062987.

The pipeline used to process GPR68 deep mutational scan sequencing data along with
raw variant counts and fitness scores has been deposited on Github
(https://github.com/odcambc/GPR68 processing,

https://qgithub.com/odcambc/GPR68 DMS_QC). All scripts used to analyze data and
prepare figures has been deposited on Github: https://github.com/Coyote-Maestas-
Lab/GPR68 DMS.

34


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1146  Figures

1147 Fig. 1: Chimeric pH sensors give insights into distributed proton sensing and
1148 Cryo-EM structures of GPR4, GPR65, and GPR68
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1150 (A) GloSensor cAMP accumulation assay showing the proton-sensing GPCRs, GPR4,
1151 GPRG65, and GPRG68, respond to decreasing pH. (B) GloSensor cAMP accumulation
1152  assay of GPR4-GPRG8 chimeric receptors. Extracellular segments of GPR68 were
1153  grafted onto GPRA4. A sequence alignment of GPR4 and GPRG68 indicating swapped
1154  segments is available in Fig. S1. Data shown in A, C is from three independent

1155 biological replicates + SD. (C) Cryo-EM density maps of GPR4-miniGas, GPR65-
1156  miniGas, GPR68-miniGas, and GPR68-miniGas/q. All four are bound to Gy and the
1157  stabilizing nanobody Nb35. (D) Ribbon model of each GPR4, GPR65, and GPR68 G
1158  protein complexes.

35


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1159  Fig. 2: Structural features of human pH-sensing GPCRs
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1160

1161 (A) (left) Structure alignment of 7TM domain GPR4-miniGas, GPR65-miniGas, and

1162 GPR68-miniGasiq shown as ribbons with sticks for indicated regions. (right) B2AR

1163  activated by full agonist BI-167107 (yellow) shown as ribbons with sticks for indicated
1164 regions (PDB ID: 3SNG). (B) Sequence Logo showing conservation of PIF, CWxP, and
1165 NPxxY among non-olfactory class A GPCRs. Sequences of GPR4, GPR65, and GPR68
1166 are provided below for reference. (C) Close up views of the PIF and CWxP within the
1167  connector region in B2AR, GPR4, GPR65, and GPR68 show high similarity. Activation
1168 s associated with an outward movement of TM6 to accommodate G protein binding
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1169 (PDB IDs: 2RH1 & 4LDO). (D) Close up views of the NPxxY motif in active-state GPR4,
1170 GPRG65, GPR68, and B2AR activated by full agonist adrenaline (PDB ID: 4LDO). (E)
1171  Active-state models of GPR4, GPR65, and GPR68 each contain a charged pocket in
1172  the canonical orthosteric site. Each receptor is shown as a ribbon with residues lining
1173  each pocket shown as sticks. Pockets were calculated using CavitOmix, electrostatic
1174  surfaces were calculated using PyMol. (F) Each proton-sensing GPCR contains

1175 numerous titratable residues in the extracellular region. Extracellular regions of GPR4,
1176  GPRG65, and GPRG68 as viewed from the cell surface. Titratable residues are shown as
1177  sticks.
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Flg 3: Deep mutational scan of GPR68 to determlne critical reS|dues for pH
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(A) Schematic of cAMP transcriptional reporter assay. GPR68 activation triggers cAMP
production leading to transcription of eGFP downstream of an engineered cAMP
response element*®. A dihydrofolate reductase (DHFR) degron eliminates background
signal prior to stimulation. (B) Representative flow cytometry traces of B2AR treated
with Forskolin (10 uM) which directly stimulates adenylyl cyclase, BI-167107 (10 uM, full
agonist), Alprenolol (10 uM, antagonist), DMSO (0.1% v/v), and ICI-118,551 (10 uM,
inverse agonist). (C) Representative flow cytometry traces of GPR68 at pH 6.5
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(inactive) pH 5.5 (active), and at pH 7.5 with Forskolin (25 uM). (D) Representative pH
dose-response curve for GPR68 WT. Arrows indicate pH condition shown in C. (E)
Schematic of GPR68 mutational library generation and overview of FACS-seq pipeline
for GPCR-DMS. (F) Distributions of variant effects of GPR68 signaling at pH 6.5 and pH
5.5. Fitness scores are relative to WT and were calculated using Enrich2.53 (G)
Heatmap of cAMP signaling fithess scores for GPR68 mutational library 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 amino acid position is indicated by the numbers below
each section. Positions and mutations with no data are shown as gray. Transmembrane
helix cutoffs were determined using our GPRG8 structure. Blue indicates increased
cAMP signaling relative to WT, red indicates decreased cAMP signaling relative to WT.
Data are fitness values from three biologically independent deep mutational scans.
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Fig. 4: A multi-phenotypic screen reveals residues critical for GPR68 activation
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(A) FLAG-GPR68 mutational library was labeled using an anti-FLAG antibody and
receptor surface expression was measured using flow cytometry. Representative flow
cytometry traces of stained (blue) and unstained (red) GPR68 mutational library. (B)
Distribution of variant effects of GPR68 surface expression. Fitness scores are relative
to WT. (C) Each mutation’s cAMP signaling score at each pH condition screened was
plotted against its’ surface expression score. The euclidean distance of each mutant
was calculated to a line fit to the population of synonymous mutations. Black points are
synonymous variants, gray are missense variants, blue and red points are the top and
bottom 2.5% missense mutants. (D) Scatter plot of surface expression vs cAMP
signaling scores at pH 5.5 and pH 6.5. R? values are shown for the synonymous (R?n)
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1212  and full missense (R?a) mutational library. (E) Surface expression-adjusted GOF and
1213 LOF pH 5.5 cAMP signaling scores are plotted in rank order. Positions are colored by
1214  sequence motif. Superscript corresponds to each residue’s Ballesteros-Weinstein

1215 number. (F) Heatmap of GPR68 mutational library surface expression-adjusted pH 5.5
1216  cAMP signaling scores. WT sequence is shown above each section of heatmap,

1217  mutations are indicated on the left axis of each section, and the amino acid position is
1218 indicated by the numbers below each section. Positions and mutations with no data are
1219 shown as gray. Transmembrane helix cutoffs were determined using our GPR68

1220 structure. Blue indicates higher activity relative to WT, red indicates lower activity

1221  relative to WT.

41


https://doi.org/10.1101/2024.04.17.590000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.17.590000; this version posted April 18, 2024. The copyright holder for this preprint (which

1222

1223

1224
1225
1226
1227
1228
1229
1230
1231

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Fig. 5: Structure mapping of GOF and LOF residues in GPR68 activation
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(A) Residues where mutations result in increased cAMP signaling activity are shown as
sticks on our experimental active state structure of GPR68. The extracellular cavity of
GPRG68 is shown as a grey surface. (B) Residues where mutations result in increased
cAMP signaling activity are shown as sticks on an AlphaFold inactive-like structure of
GPR68. Common class A GPCR activation motifs are indicated. (C) Top, extracellular,
view of our active structure of GPR68 where all extracellular histidine residues are
shown as stick and colored by their LOF score. (D) Subset heatmap from 4F for each of
the histidine residues shown in C.
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1232 Fig. 6: GPR68 activation network
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1234  (A) Mapping GOF positions onto the inactive-like GPR68 structure. (B) Mapping LOF
1235 positions onto the activated GPR68 Cryo-EM structure. Sticks are shows for key
1236 residues in activation network in A and B. (C) Overlay of inactive and active structures
1237  showing putative residue rearrangements upon proton activate of GPR68. (D-E) Key
1238 hydrogen bonds present in the active and inactive state networks. Residues are colored
1239 by their relative GOF or LOF score in each case. (F-l) cAMP accumulation GloSensor
1240 assays testing impact of mutations to key residues (F) H269, (G) R251, (H) Y102, and
1241 (1) E174. (J-K) Key hydrogen bonds present in the active and inactive state networks
1242  surrounding E149 and the cholesterol pocket. Residues are colored by their relative
1243  GOF or LOF score in each case. (L) cAMP accumulation GloSensor assays testing
1244  impact of neutral mutation to E149. Data shown in F-I, L is from three independent
1245 Dbiological replicates + SEM
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