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G protein-coupled receptor 4 (GPR4) belongs to the subfamily of proton-
sensing GPCRs (psGPCRs), which detect pH changes in extracellular environ-
ment and regulate diverse physiological responses. GPR4 was found to be
overactivated in acidic tumor microenvironment as well as inflammation sites,
with a triad of acidic residues within the transmembrane domain identified as
crucial for proton sensing. However, the 3D structure remains unknown, and
the roles of other conserved residues within psGPCRs are not well understood.
Here we report cryo-electron microscopy (cryo-EM) structures of active zeb-
rafish GPR4 at both pH 6.5 and 8.5, each highlighting a distribution of histidine
and acidic residues at the extracellular region. Cell-based assays show that
these ionizable residues moderately influence the proton-sensing capacity of
zebrafish GPR4, compared to the more significant effects of the triad residues.
Furthermore, we reveal a cluster of aromatic residues within the orthosteric

pocket that may propagate the signaling to the intercellular region via
repacking the aromatic patch at the central region. This study provides a
framework for future signaling and functional investigation of psGPCRs.

G protein-coupled receptors (GPCRs) represent a diverse group of
seven transmembrane proteins constituting the largest superfamily
within the human genome and many other genomes. GPCRs play a
pivotal role in sensing a wide array of extracellular stimuli, including
light, neurotransmitters, hormones, and proteins. Upon stimulation,
GPCRs undergo conformational changes, initiating downstream sig-
naling pathways that culminate in specific cellular response'”.
Remarkably, ~35% of approved drugs in the pharmaceutical market
target GPCRs*. Of the 826 GPCRs identified in humans, only three
receptors, namely GPR4, GPR65, and GPRé68, are characterized as
proton-sensing GPCRs (psGPCRs) since they are activated in response
to the extracellular acidic environment. Beyond their responsiveness
to protons, psGPCRs have previously been implicated in sensing

certain lysolipids’ and membrane stretching force®, albeit with
mechanisms that remain to be debated and explored.

psGPCRs have been implicated in several well-documented pH-
dependent physiological activities’. Local acidity is a typical feature of
many pathological processes, including inflammatory, and neurologi-
cal diseases, and solid tumor®’. Elevated fermentative metabolism and
poor perfusion are major causes of local acidity, which has been
hypothesized to promote disease progression'®. Notably, studies have
suggested that psGPCRs are highly expressed in tumor cells and the
tumor microenvironment (TME)" . This observation is particularly
significant given that the pH in the TME typically registers 0.5-1 unit
lower than in normal tissues, primarily attributed to the Warburg
effect. This metabolic phenomenon, characterized by increased
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glucose uptake and lactic acid production in rapidly proliferating
tumor cells, contributes to the acidification of the extracellular milieu.
In addition, it is noteworthy that GPR4 is widely expressed in distinct
tissues, including immune, brain, respiratory, and digestive systems,
whereas expression of GPR65 and GPR68 seems to be tissue-restricted.

There are several studies that explored the mechanism of psGPCR
activation. Early studies implicated a cluster of extracellular histidine
residues as primary pH sensors” ', whereas more recent data found
that proton-sensing is primarily accomplished by a triad of acidic
residues within the transmembrane domain®. Interestingly, the phy-
logenetic analysis suggested that these psGPCRs evolved from GPR132,
which lacks one buried acidic residue and is not considered as proton-
sensing receptor; on the contrary, no phylogenetic feature can be
found for the distributed histdines'. Nevertheless, the entire pathway
still shows limitations due to the lack of experimental structures. In this
study, we report the cryo-electron microscopy (cryo-EM) structures of
active GPR4 at both pH 6.5 and 8.5, each coupled to an engineered G
protein. These structures, combined with cell-based assays, offer
valuable insights into the proton-sensing mechanisms and signal
transduction pathways within the psGPCR family.

Results

Structure determination

For cryo-EM studies we employed the NanoBiT tethering strategy to
facilitate the formation of stable GPR4-G5 complexes (Supplementary
Fig. 1)°. To facilitate the binding of a single chain variable fragment
(scfvl6) (see “Methods”), we modified Gog based on mini-Gas, repla-
cing its aN with the equivalent region from Ga;*. We screened
GPR4 species from human, rabbit, and zebrafish using these strategies
and found that zebrafish GPR4 (named zGPR4 hereafter) yielded a

a pH=6.5 C

2GPR45s

Fig. 1| Overall structures of G;-coupled zGPR4 under pH 6.5 and 8.5. a-d Cryo-
EM maps showing the disk-shaped micelle (left) and cartoon representation (right)
of the zGPR4-Gs complexes under pH 6.5 (a, ¢) and pH 8.5 (b, d). e, f Superposition

homogeneous complex with the engineered G protein. zGPR4 share
>60% sequence identity with human GPR4 (hGPR4), with even higher
in the G4 protein-interacting region. Specifically, there is only one
residue difference in the intercellular half of the TM5-TM6 region
between hGPR4 (S211'**) and zGPR4 (N219'*%). Hence, the zGPR4-G,
complex offers insights into how hGPR4 may recognize its down-
stream G protein and initiate signaling pathways. We prepared the
zZGPR4-G complex samples under two conditions, one at pH 6.5 and
the other at pH 8.5. Although the basic condition is expected to gen-
erate an inactive receptor, we successfully purified a stable zGPR4-Gs
complex potentially due to the NanoBiT method designed to enhance
GPCR-G protein stability.

Density maps were reconstructed to resolutions of 3.3 A and 3.1A
for pH 6.5 and pH 8.5, respectively (Fig. 1a, b and Supplementary
Table 1). Although overall map quality for the pH 8.5 structure is
slightly better than the map of the pH 6.5 structure in the transmem-
brane region, it is relatively poorer in the extracellular loops (ECLs),
likely due to a relatively higher entropic nature of these loops at
neutral pH (Fig. 1c, d and Supplementary Fig. 2). The two structures are
almost identical in the receptor’s transmembrane region and the G
protein (Fig. 1e, f). There is slight orientational difference between G
protein subunits Ga and GPy potentially attributed to the two buffers
used perturbing the interactions between the G protein subunits
(Fig. 1e), this should not be physiologically relevant as the G protein
subunits may not experience similar pH change intracellularly. Also,
the receptor-Ga; interface is quite identical under pHs of 6.5 and 8.5,
suggesting the intracellular G protein-coupling is anyhow insensitive
to pH change. As most of the ECL residues could be modeled in the pH
6.5 structure (named zGPR4%* hereafter), we will mainly discuss this
model unless otherwise specified.

e Superpasition
2o}

of the two structures at pH 6.5 and 8.5 on side view (e) or extracellular view (f). The
disulfide bond is shown in stick.
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Fig. 2 | The G¢-binding interface of zGPR4. a, b The receptor-a5 interface in
zGPR4%, Interacting residues are shown as sticks and are labeled. ¢, d Mutagenesis
analysis of residues in zGPR4 (c) and hGPR4 (d) on the potency of G protein-
coupling by the GloSensor cAMP assay. The maximum and minimum activation

levels of WT GPR4 were set to 100 and 0%, respectively. The ApHso was calculated
by dividing the potency (pHso) of the mutant by the pHso of WT. Data are shown as
means + SEM from at least three independent experiments performed in triplicate.
Source data are provided as a Source Data file.

Receptor-G protein interface

At the receptor-Gay interface, there are several polar residues on the
receptor side interaction with the o5 helix of Gas (Fig. 2a, b). For
example, N219'"* and E226°% (Ballesteros-Weinstein numbering in
superscript’) of zGPR4 form a hydrogen bond or salt bridge with
D364"5 and R368™Y (superscript refers to common G protein
numbering®) of a5, respectively. Notably, the highly conserved R123>*°
of zGPR4 engages in both a salt bridge with E375"%* and a m-cation
interaction with the landmark residue of a5, Y374"5%, The side chain of
Y3742 shifts toward ICL1, establishing hydrogen bond connections
with Q53%°, N58>%, and E59>%%. Additionally, there is a conserved
hydrophobic interaction network between L371"*% and L376"% of oS
helix and zGPR4 residues V127°%, 12125, V216>, 1230°%, and 1233,
Mutagenesis data confirmed the importance of these residues. The
previously characterized essential residue for G protein-coupling,
R123>%°, if mutated, nearly abolished the capability of zGPR4 to couple
to downstream G protein (Fig. 2c). Other tested mutants (Q53"%°A,
N58>¥A, E59%8A, R137'%2A, N219'%A, E226°%°A) can shift the pHsg
downward to different extents (0.2-0.5 log units) (Fig. 2¢), suggesting
these mutations compromise the receptor’s sensitivity to proton

concentration by 1.6-3.2 folds. hGPR4 mutations yielded consistent
results with those observed for zGPR4 (Fig. 2d), indicating that the
chimera complex of zGPR4-Gs indeed mirrors how hGPR4 interacts
with its downstream G protein.

Our zGPR4-G, structures reveal a non-canonical Gs-coupling
model for zGPR4, with the intercellular tip of TM5-TM6 gently moving
outward to accommodate the Gas protein (-4 A compared to an
inactive zGPR4 model from AlphaFold) (Fig. 3a, b). This differs from
canonical GPCR-Gs complexes, where TM6 undergoes more pro-
nounced movements (12-16 A) (Fig. 3c). However, the C-terminal tip of
the o5 helix in the zGPR4-G; complex assumes a similar hook
structure to that observed in canonical Gs-coupled receptors,
albeit moving 5-6 A toward TMs 1 and 2 due to the smaller
intracellular pocket in zGPR4 (Fig. 3¢, embedded). In this regard,
the zGPR4-G;, structure bears closer resemblance to previously
characterized GPCR-G; complexes (Supplementary Fig. 3a, b),
including the recently determined GPR132-G; complex structure®
(Supplementary Fig. 3c). Our structure, in conjunction with
recently solved complex structures with non-canonical Gs-cou-
pling model (e.g., GPR174, EP2, CCKAR), suggests that a larger

Nature Communications | (2025)16:605


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-55901-2

Fig. 3 | Structural comparison for zGPR4. a, b Superposition of the active
ZGPR4-G; structure with its inactive model (AlphaFold). ¢ The two zGPR4 models
are further compared with the 3,AR (PDB ID: 7BZ2) and AgR (PDB ID: 7XY7)
structures. d Alignment of zGPR4-G; (current study) with other non-canonical Gs-

zGPR4-Gs (active) A
zGPR4(Inactive model) %

Cc

s

zGPR4

EP2(7CX2)
CCKAR (7EZK)
™

coupled structures, including GPR174 (PDB ID: 7XV3), EP2 (PDB ID: 7CX2) and
CCKAR (PDB ID: 7EZK). Color codes are indicated at the top-left corner. For clarity,
only a5 helix is shown in each Gs-coupled structure.

outward movement of the intercellular TM5-TM6 is not a pre-
requisite for G protein recruitment (Fig. 3d)*.

Structural features
In the zGPR4% structure, we were able to model the conserved dis-
ulfide bond between TM3 and ECL2 (C98**-Cl176**°) (Fig. 1f).
Although the last modeled residue at the N-terminus (C17) is proximal
to C266 of ECL3, weak density precluded confirmation of a disulfide
bond between them. Nevertheless, sequence alignment and structural
prediction indicated a conserved disulfide linkage between the two
positions for psGPCRs (Supplementary Fig. 4). Through cAMP assays,
we found either C17S or C266S on zGPR4 had no significant impact on
proton potency or efficacy (Supplementary Figs. 5 and 6), in contrast
to the reduced activities for the corresponding mutations on GPR68'.
ZGPR4 features two additional cysteines (C11, C264) neighboring the
aforementioned cysteines compared to hGPR4 (Supplementary Fig. 4),
potentially adding complexity to the aspect of disulfide linkage in
zGPR4. Alternatively, with two potential disulfide linkages between
ECL3 and the N-terminus in zGPR4, breakage of a single disulfide bond
may not be essential to destroying the structural rearrangement for
receptor activation.

The zGPR4%® structure features a partially ordered ECL2 that
covers the orthostatic pocket. A cluster of bulky residues within ECL2,
including F175, F177, E178,K179 and Y180, obstructs the pathway to the

canonical orthostatic pocket (Fig. 4a). The F175 and Y180 form an
aromatic triangle with a TM7 residue F2737*2, Remarkably, the F177*
that inserted into the pocket is highly conserved among the proton-
sensing receptors, indicating an indispensable role for this residue for
the structural integrity of these receptors. Both the zGPR4%° active
structure and its inactive model reveal a predominantly covered
orthostatic pocket that rich in bulky aromatic residues (Fig. 4a),
reminiscent of lipid-binding GPCRs and olfactory receptors. The
orthosteric pocket volume of zGPR4 is only 166 A%, relatively smaller
than the size of adenosine A4 receptor (AR, 272 A% and B, adre-
nergic receptor ($,AR, 313 A%)?’, and much smaller than these peptidic
GPCRs (neurokinin 1 receptor, 651 A% angiotensin Il receptor type 1,
1346 A% (Supplementary Fig. 7). Since GPR4 senses one of the
smallest stimuli (proton) for its activation, such a compact structure
within the pocket may facilitate a Van der Waals interaction network
between TMs, transmitting the signal of protonation from the extra-
cellular to the intercellular for conformational change. Although in
both maps the electron density for the extracellular half is relatively
poor compared to the intercellular half, the key motifs within the
signaling transduction pathway are relatively clear, including the tog-
gle switch, the PIF motif, and the DPxxY motif. The P>*°I>*°F¢** motif is
unique in GPR4 within proton-sensing receptors (Supplementary
Fig. 8). In GPR4, the position of F®** is replaced by a short residue,
V241°*; in contrast, the encountering residue of V2415** in TMS is a
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Fig. 4 | Structural features for zGPR4. a Side view of the zGPR4 orthostatic pocket showing a bunch of aromatic residues. b Extracellular view of the zGPR4 showing the
titratable H/D/E residues at the ECLs. Some key interacting residues are also shown. a, b The ECL2 is colored gray for clarity.

bulky residue (W202°%") that is usually occupied by a hydrophobic
aliphatic residue (like V/L) in other class A GPCRs. W**' and V*** are
highly conserved across different species of GPR4, confirming the
significance of these positions for the signal propagation pathway, and
evolving in tandem to adapt to environmental changes.

Extracellular regions were suggested to sense the protons thus
trigging the conformational change for activation. Previous work have
identified the protonation of H79%%¢, H165%2, and H2697¢ residues of
hGPR4 as critical for its activation’®. Similarly, the residue corre-
sponding to H79 in zGPR4 (H87%*%) has also proved to be essential®.
Nevertheless,we found in our active structure of zGPR4%" the histidine
residues are far apart: H1732 of ECL2 is 5-6 A away from H87%% or
H88%%, and even farther from H93t", H27773¢ and H163*%* (Fig. 4b).
Among them, H93¥"! and H163*¢* appear to play essential structural
roles together with the aromatic residues W912>*° and W185°*. Also,
there are many acidic residues in the extracellular region, and D24,
D89, D168'?, and E178"* are located around the previously sug-
gested histidine cluster (Fig. 4b).

Mutagenesis studies of featured residues
Our mutagenesis data demonstrate reduced proton potency by
0.2-0.3log units for zGPR4 mutations H87**F and H173 **F, and
negligible effect for H277°°F (Fig. 5a), consistent with previous
results’®. Among these acidic residues at the extracellular region,
Mutations at E178*%? (E178*%2Q, E178**A) can each decrease proton
potency by 0.2-0.3log unit while maintaining the maximal efficacy
(Emax), suggesting that E178** facilitates the sensing of protons
(Fig. 5b). Located centrally in ECL2, E178%** is surrounded by several
polar residues including K179*%, Y106*>%*, R255%%° and H2777, indi-
cating this acidic residue likely contributes to charge-charge interac-
tions that was not fulfilled by a glutamine or an alanine. Interestingly,
we found both D89*"'N and D89*“"'A mutations significantly increase
proton sensitivity (0.4-0.5 log unit), implying that this acidic residue
somehow disturbs proton-sensing (Fig. 5b). Similar as D89*™, we
found a double mutant D164*2N&E16552Q can also increase proton
sensitivity (0.25log unit) (Fig. 5c). These four acidic residues at the
extracellular region are absolutely conserved among psGPCRs (Sup-
plementary Fig. 4). Mutations of additional three acidic residues,
D24N'N, D169%?N, E183?Q, do not induce significant change on
proton potency, whereas the former two can increase the efficacy
compared to WT receptor (Fig. 5c). These results indicate that most
extracellular acidic residues do not contribute essentially for proton-
sensing.

Anacidic triad (E*+%, D**°, D’*°) within the core of 7TM isimportant
for the proton-induced activation, and mutations of these residues to
glutamine or asparagine (to mimic their neutral form) induce upward

shift in ECso". The latter two are shown to be directly coordinated with
aNa' (together with S**) in the inactive state of typical GPCRs, whereas
in the active state the sodium was extruded as a result of conforma-
tional change®. Interestingly, in GPR4 as well as other proton-sensing
GPCRs, the canonical N*°PxxY’** motif is replaced by a D’*°PxxY’
motif (Supplementary Fig. 4). To investigate the function of D2907*
we conducted two mutations, D290N and D290A. The results of cAMP
assays showed that while both mutants were expressed at similar levels
as the WT receptor (Supplementary Fig. 6), the D2907“°N shifted the
pHso upward from 7.7 to 8.1 (Fig. 5d), consistent with the corre-
sponding mutations reported previously’”. Meanwhile, the basal
activity of D2907“°N is also significantly elevated compared to WT. In
contrast, the D2907*°A mutant compromised both the proton potency
and Emax. These results indicate that the D’*°N mutation may loosen
the restraint by sodium, making the receptor more easily activated; on
the contrary, the D”*°A mutation may disturb the local structure as well
as the conformational transition from inactive to active. Furthermore,
mutations of the key sodium coordination site by D71>°°A or D71**°N
can each significantly decrease the proton potency and Emax (Fig. 5d),
this can be attributed to the similar reason as the D*°’A mutant.
Similarly, a subsidiary sodium coordination residue, N2867, can shift
the pHso downward when substituted by alanine (Fig. 5d), indicating it
may function by affecting the pK, (where Ka is the acid dissociation
constant) of its nearby sodium coordination residue, e.g., the D2907’.

Unexpectedly, we found that mutations of the bulky aromatic
residues within the orthosteric pocket can consistently increase the
proton potency of zGPR4 (Fig. 5e). While the increments by Y110**’F
and Y2767*F are not significant ( < 0.1 log units), YI06>*F and Y248°'F
can each increase the pHso by ~0.3 log unit. Y106>** and Y248°* face
each other in the 7TM central region and Y110**” and Y276 are
located below and above them (Supplementary Fig. 8). Since Y248 is
one helical turn above the toggle switch residue F245%*%, these aro-
matic residues may contribute to a Van der Waals interaction network
within the pocket that propagates the signal of proton-sensing to the
intercellular region. These results further indicate that the propagation
in the central region may not rely on the hydrophilic properties of
these residues; alternatively, these tyrosines may already contribute to
a hydrophilic interaction network in the inactive state and their
mutations to phenylalanine facilitate the transition to active state
(Supplementary Fig. 8).

Implications for activation pathway

There are many histidines and acidic residues at the extracellular
region, which possess different charge states at different pH: histidine
is neutral at high pH but positively charged when protonated at
pH < 7.0, whereas extracellular acidic residues consistently maintain a
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Fig. 5 | Mutagenesis analysis of featured residues on zGPR4. a-e Mutagenesis
analysis of residues in zGPR4 on the proton potency by the GloSensor cAMP assay.
Mutagenesis analysis of histidine residues in ECLs (a), highly conserved acidic
residues in ECLs (b), partially conserved acidic residues (c), the Na coordinating
residues (d), and the aromatic residues within the orthosteric pocket (e). The
maximum and minimum activation levels of WT GPR4 were set to 100 and 0%,
respectively. The ApHso was calculated by dividing the pHso of the mutant by the

pHso of WT. Data are shown as means + SEM from at least three independent
experiments performed in triplicate. f Mapping the tested mutations on the zGPR4
structure. Mutations with positive effect (ApHso > 0.2 unit) are colored blue;
mutations with negative effect (ApHso < -0.2 unit) are colored red; mutations with
negligible effect (0.2 > ApHso >-0.2) are colored gray. Source data are provided as
a Source Data file.

negative charge within the physiological pH range. Nevertheless, our
results indicate that WT GPR4 has a pHsg of -8, contrasting with lower
pHso values of 7-7.4 for GPR65 and 6.3-6.7 for GPR68"*. This sug-
gests that GPR4 activation might not rely on protonation of extra-
cellular histidines, given its pKa of around 7. Moreover, studies showed
that extracellular histidines in psGPCRs are largely unconserved, and
even conserved histidines produce varied pharmacological effects
upon mutation'’. These findings imply that extracellular histidines are
unlikely to be key proton sensors. Notably, we found mutations of
extracellular histidines as well as acidic residues moderately influenced
ZGPR4’s potency or efficacy (Fig. 5f), but we did not identify any single
mutation that completely abolish the function of zGPR4-unlike the
almost abrogation by R123*%°A in the G protein-coupling region. This
suggests that these H/D/E residues may primarily fine-tune the
receptor’s transition from inactive to active conformations rather than
mediate proton-sensing.

In contrast, mutations at the so-called “DyaD” site (D71>%°,
D2907#°) influenced receptor function more significantly. Specifically,
mutations at D71*%° severely compromised efficacy, while the
D29074°A and D2907*°N mutations produced opposing effects on
receptor’s proton-sensing ability. These data are in favor of the con-
clusion that proton-sensing is primarily mediated by the acidic triad
residues within the transmembrane domain®. Notably, we found the Y-

to-F mutations withinin the orthosteric pocket enhanced the poten-
cies. This indicated that, instead of a water-mediated hydrophilic
network, the central region of psGPCRs mainly used bulky sidechains
to propagate the signaling transduction (Supplementary Fig. 8).
Remarkably, we found a mimicking mutation (Y276”*C) of a natural
genetic variation of hGPR4 can further increase the pHso compared to
Y2767F (Fig. Se), while the mutation has negligible effect on expres-
sion or Emax (Supplementary Fig. 6), suggesting the mutant may
function simply by favoring the active state. Other natural genetic
variations are mostly located in the central region of the 7TM (Sup-
plementary Fig. 9), and we can expect that some of them may facilitate
the transition from inactive to active, while some may hamper the
transition.

Discussion

Here we report cryo-EM structure of active zGPR4 in complex with an
engineered G protein. Compared to the inactive AlphaFold model of
zGPR4, the ECLs experience relatively larger conformational changes
than the transmembrane region. Generally, GPCR activation involves
contraction of the 7TM central region and expansion of the extra-
cellular and intracellular regions, which is required to provide space
for accommodating the G protein. Sodium acts as a negative allosteric
modulator for many class A GPCRs, coordinating with key positions
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(including 2.50, 3.39, and 7.49) in the inactive state, and is displaced
during the transition to the active state®.. Buried within the 7TM central
region, the pK, of the acidic triad residues likely shifts to the physio-
logical pH range®, meaning that protonation at lower pH neutralizes
their charge, and preventing D> and D’* from coordinating with
positively charged sodium (or potassium) ions. Consequently, a
reduction in pH can disrupt sodium coordination essential for recep-
tor activation. Given the conserved nature of the DyaD site (D> is
highly conserved among class A GPCRs, D’* is half-conserved in &-
branch receptors), the unique apEx site (E**) of the acidic triad within
psGPCRs likely plays a significant role in signaling transduction, as only
these three receptors are fully activated by protons. The molecular
details may still await further investigation.

We observed distinct effects from D-to-N mutations at the DyaD
sites: D”*’N increased the potency, contrasting with reduced potency
from D**°N mutation. Previous structural studies have shown that an
acidic residue at position 7.49 participates in a direct coordination
with the sodium in receptors like cysLT1**, PAR1*, and PAR2*¢, forming
an additional coordination bond compared to receptors with a neutral
residue (N”*°)**_ Therefore, D’**N is suggested to loosen the coor-
dination with the sodium, making the receptor more readily activated.
The tight coordination by D’ is thought to stabilize the inactive
conformation, this could be the reason that many &-branch receptors
exhibit low basal activity*’. In contrast, D**°N as well as D**°A may have
totally disrupted the coordination, as evidenced by diminished sodium
regulation in mutagenesis studies of psGPCRs and other GPCRs"?.
The reduction in efficacy for zGPR4 due to D**°N or D**°A mutations is
consistent with compromised G protein signaling observed in other
receptors’. The essential role of D** is also underscored by its high
conservation across class A GPCRs, whereas D”*’ is only half-conserved
in &-branch receptors (including psGPCRs), with other subfamilies
predominantly featuring N7°,

Beside protons, lysolipids were also suggested as “ligands” for
psGPCRs. Our structures of zGPR4 reveal a tiny orthosteric pocket
composed of highly conserved aromatic residues within the psGPCR
family (Supplementary Fig. 7), which provided a hydrophobic platform
to accommodate their potential lipidic ligands. Also, several other
receptors (e.g., GPR31 and GPR151) were found to be activated under
acidic conditions in vitro, although the GPR31 has been reported as a
receptor for endogenous lipid, 12-(S)-hydroxyeicosatetraenoic
acid"*, These findings indicate that proton-sensing may be one of
many properties of GPCRs and that other proton-sensing GPCRs may
exist that allow detection of a broader pH range.

GPR4 has been linked to several pH-dependent processes under
pathological conditions, including modulation of inflammation,
angiogenesis and tumor metastasis. In addition, GPR4 has also been
identified as a biomarker for neurodegenerative diseases like Parkin-
son’s and Alzheimer*’, and inhibition of GPR4 was shown to reduce
neuronal apoptosis and improve memory functions*. These studies
underscored the potential therapeutic relevance of antagonists or
negative allosteric modulators aimed at inhibiting GPR4 activity or
expression across various tissues. Nevertheless, our findings reveal
that both hGPR4 and zGPR4 have a pHso of -8.0, meaning they are
constitutively active at a physiological pH of 7.4. This implies that
proton-sensing may not be directly related to their biological function,
unlike other psGPCRs such as GPR65 and GPR68, which are activated
by changes in physiological pH. That is to say, these psGPCRs may be
activated to different levels and thus function differently at various pH
conditions. In addition, GPR4 may play some unique roles within the
physiological environment in response to other ligands like lysolipids.

In summary, our data support the conclusion that these psGPCRs
share a common triad acidic residue essential for proton-sensing',
while the varying amount of histidines and nearby acidic residues likely
act as modulators of receptor function. A cluster of aromatic residues
within the orthosteric pocket also contributes to the propagation of

signaling across the transmembrane domain. The GPR4 structures
together with assay results provided a framework for further under-
standing of the proton-sensing mechanism as well as development of
small molecular modulators for these psGPCRs.

Limitations of current study

Our study has some limitations. Firstly, the resolution is insufficient to
determine the protonation status of protonatable residues, preventing
us from confidently identifying which residues are key for proton-
sensing. Second, to obtain the structure, we had to expose both sides
of the GPCR to the same pH change, which does not occur under
physiological conditions, this limitation constrains our structural
interpretations. Lastly, our structure only captures the active state of
the receptor. Since proton-sensing relies on (de)protonatable
residues with pKa values that differ significantly between inactive
and active states, this further complicates our ability to identify
specific residues responsible for proton-sensing from our struc-
tural data. Nevertheless, our structures may still serve as a valu-
able resource for comparative analyses of other proton-sensing
GPCRs from different species.

Methods

Construct cloning, expression, and purification of zGPR4-Gs
complexes

For the receptor, zebrafish GPR4 (residues 2-338), containing an
N-terminal thermostabilized apocytochrome bsg,RIL fusion protein
and a C-terminal LgBiT protein, was cloned into pFastBacl vector, with
an N-terminal hemagglutinin signal peptide tag followed by FLAG tag
and C-terminal 10 x His tag. For the G protein components, mini-GosIN,
equal to mini-Gs but with its aN replaced by the counterpart of G; (to
facilitate binding of scFv16, which binds to the interface between Gy
subunits and Ga; subunit)*, was fused to bovine Gy2 at its N-terminus
(Gy-mini-GsIN). Human Gp1, followed by SmBIT at its C terminus, was
cloned into pFastBac-Dual together with Gy-mini-GaIN. Sf9 insect
cells were infected with viruses of the receptor (zGPR4-LgBiT) and
Gy-mini-GosIN-GB-SmBIT in the ratio of 1:1 for 72 h at 27 °C.

For the zGPR4%° complex, the cell pellets were lysed by Dounce
homogenization in 20 m MES (pH 6.5), 100 mM NaCl, 5mM MgCl,,
5mM CaCl,, 10% glycerol, EDTA-free protease inhibitor cocktail
(Bimake), apyrase (25 mU/ml; New England Biolabs), 200 uM Tris(2-
carboxyethyl)phosphine (TCEP) (Thermo Fisher Scientific), and scFvlé
(15 pg/ml), incubated at 4°C for 3h, and then centrifuged at
30,000 rpm for 45 min to collect the membranes. The washed mem-
branes were solubilized in 20 mM MES (pH 6.5), 100 mM NaCl, 5mM
MgCl,, 5mM CaCl,, EDTA-free protease inhibitor cocktail, 1% (w/v)
lauryl maltose neopentyl glycol (LMNG; Anatrace), 0.2% (w/v) choles-
teryl hemisuccinate (CHS; Sigma-Aldrich), apyrase (25 mU/mL), and
200 puM TCEP and incubated at 4 °C for 3 h. The supernatant was col-
lected by centrifugation at 30,000 rpm for 45 min and then incubated
with TALON immobilized metal affinity chromatography resin (Clon-
tech) with an addition of 20 mM imidazole at 4 °C overnight. The resin
was collected by centrifugation at 1000 x g for 5min, packed into a
gravity flow column, and washed with 20 column volumes of buffer
containing 20 mM MES (pH 6.5), 100 mM NacCl, 2 mM MgCl,, 2mM
CaCl,, 0.01% (w/v) LMNG, 0.002% (w/v) CHS, 5% glycerol, and 30 mM
imidazole and eluted using buffer containing 20 mM MES (pH 6.5),
100 mM NaCl, 2mM MgCl,, 2 mM CaCl,, 0.01% (w/v) LMNG, 0.002%
(w/v) CHS, 5% glycerol, and 300 mM imidazole. The purified zGPR4-Gg
complex and scFv16 proteins were mixed in a 1:1 molar ratio at 4 °C
overnight and then concentrated with an Amicon Ultra Centrifugal
Filter [molecular weight cutoff (MWCO), 100 kDa] and subjected
to size-exclusion chromatography ( SEC ) using a Superdex 6 10/300
GL column (GE Healthcare) with running buffer, containing 20 mM
MES (pH 6.5), 100 mM NaCl, 2 mM MgCl,, 0.0025% (w/v) LMNG, and
0.0005% (w/v) CHS. The fractions of monomeric protein complex
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were pooled and concentrated with an Amicon Ultra Centrifugal Filter
(MWCO, 100 kDa) to 12 to 16 mg/ml for cryo-EM studies.

For the zGPR4%° complex, the purification process was similar to
that of zGPR4%%, except that MES (pH 6.5) was replaced by Tris (pH 8.5).
Finally, the fractions of monomeric protein complex were pooled and
concentrated with an Amicon Ultra Centrifugal Filter (MWCO,
100 kDa) to 6 to 9 mg/ml for cryo-EM studies.

Cryo-EM grid preparation and data collection

For sample preparation, 3 pl of purified zGPR4%° and zGPR4%® were
applied onto the glow-discharged holey grids (Ni-Ti Au 300 mesh,
NANODIM TECH), respectively. The grids were blotted for 3 s under
100% humidity at 4 °C and then plunge-frozen into liquid ethane using
Vitrobot Mark IV (Thermo Fischer Scientific). The cryo-EM data were
collected at the Center of Cryo-Electron Microscopy at Zhejiang Uni-
versity. Micrographs were acquired on the Titan Krios microscope
(FEI) operated at 300 kV equipped with Selectris energy filter (Thermo
Fisher Scientific) and Gatan Falcon 4 detector. EPU software was used
for automated data collection according to standard procedures. A
calibrated magpnification of x130,000 was used for imaging, yielding a
pixel size of 0.931A on images. Each micrograph was dose-
fractionated to 40 frames at a dose rate of 7.49e  per pixel
per second, with a total exposure time of 6 s, resulting in a total dose of
about 52 e~ A2, The defocus range was set from -1.0 to —2.0 pm.

Cryo-EM image processing

Image processing was conducted using cryoSPARC v4.4.1*°. Motion
correction and contrast transfer function (CTF) parameters estimation
were performed with the MotionCorr2*” and patch CTF estimation*®,
respectively.

For zGPR4%3, a total of 8143 micrographs were collected, and
11,069,919 particles were auto-picked and extracted. After several
rounds of two-dimensional (2D) classification, 368,456 particles were
further subjected to ab initio reconstruction to generate the initial
maps. Subsequently, 183,055 particles were selected for non-uniform
refinement under C1 symmetry, resulting in a density map with an
overall resolution of 3.3 A, estimated by the gold-standard Fourier shell
correlation coefficient (FSC) of 0.143.

Similar procedures were applied to zGPR4%5, a total of 5188
micrographs were collected and 7,819,042 particles were auto-picked
and extracted. Following multiple rounds of 2D classification, 558,130
particles were selected for ab initio reconstruction. One subset, com-
prising 246,730 particles, was then subjected to non-uniform refine-
ment, generating a map with a resolution of 3.1A.

Model building and refinement

Structures predicted by AlphaFold***° and A,zR-mini-Gs (PDB code
7XY6)*" were used as the starting models for model building and
refinement against the electron density map of zGPR4%-G, and
zZGPR4%°-G,. Models were docked into the EM density maps using
Chimera*®. Subsequently, iterative manual adjustments and rebuilding
were performed in COOT*® and phenix.real_space_refine in Phenix*.
The final refinement statistics are provided in Supplementary Table 1.
The structure figures were prepared by Chimera and PyMOL (http://
www.pymol.org).

Comparison of orthosteric pockets

Structures of four prototype class A GPCRs were taken to compare
with GPR4: two small molecule receptors, 3,AR (PDB ID: 4LDO) and
Ax4R (PDB ID: 5G53); and two peptidic receptors, NKIR (PDB ID: 7P00)
and AGTRI1 (PDB ID: 7F6G). All selected structures are in a fully active
state (have cytoplasmic protein partners) and are bound to endogen-
ous ligands (or close analog of endogenous ligand, as in AsR).
Volumes of pockets were measured using the Schrédinger software

(Schrodinger Release 2023-4: Schrodinger, LLC, New York, NY, 2023).
Structures were processed using the Protein Preparation Wizard tool*.
The volumes were calculated using the SiteMap program**’,

GloSensor cCAMP assay

In brief, HEK293 (obtained from certified cell bank at the Chinese
Academy of Science and confirmed as negative for mycoplasma con-
tamination) cells in a 6.0 cm dish were cotransfected with 1pg of
zebrafish/human wild-type or mutated GPR4 plasmid and 1pg of the
pGloSensor-22F cAMP plasmid (Promega, USA) using polyethylene
(6 uL, Yeasen, China). After incubating overnight, transfected cells
were resuspended in DMEM added with 1% dialyzed FBS and then
seeded into poly-I-lysine-coated 384-well plates (2x10* cells/well)
(Costar, USA) for 9-24 h. After removing the culture medium, the cells
were incubated with GloSensor™ cAMP reagent (Promega, USA) made
in assay buffer (pH 8.4) for 1.5 h at 37 °C. To ensure that assay buffers
(30 pL/well) were administered at the correct pH levels, GloSensor™
cAMP reagent was withdrawn from cell plates before adding assay
buffer at predefined pH levels. Assay buffers were made using 1x HBSS
mixed with different buffer agents for different pH levels, 10 mM
HEPES and 10 mM MES for pHs 6.9-8.1, and 20 mM TAPS for pHs
8.2-9.3. Cytation 5 imaging reader (BioTek, USA) was utilized to con-
tinually monitor bioluminescence signals for 20-40 min.

Cell surface expression measurement

Cell surface expression of zebrafish/human wild-type or mutated GPR4
was detected by flow cytometry. Briefly, HEK293 cells in a six-well plate
were transfected with zebrafish/human wild-type or mutated GPR4
plasmid and cultured for 24 h. The transfected HEK293 cells were
harvested by Cell Scraper (Costar, USA) and then washed twice with
PBS buffer containing 1% (w/v) BSA. The cells were resuspended by
100 pL PBS buffer containing 1% (w/v) BSA and then followed by the
incubation with diluted (0.5 pg per million cells in 100 pL volume)
PerCP/Cyanine5.5 anti-FLAG Tag antibody (BioLegend, USA) at 4 °C for
30 min. After washing as described above, fluorescently tagged cells
(2x10* cells per sample) were detected using an LSR Fortessa flow
cytometer (BD Biosciences), and data were analyzed by FlowJo soft-
ware (TreeStar Inc., Ashland, OR, USA). Quantification was performed
using mean fluorescence intensity (MFI) values.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Atomic coordinates and structure factors for the complexes have been
deposited in the Protein Data Bank with identification code 8ZFZ
(model of Gs-coupled zebrafish GPR4 at pH 6.5) and 9)31 (model of G-
coupled zebrafish GPR4 at pH 8.5), and the corresponding electron
microscopy maps have been deposited in the Electron Microscopy
Data Bank under accession codes EMD-60072 (cryo-EM structure of
Gs-coupled zebrafish GPR4 at pH 6.5) and EMD-61104 (cryo-EM
structure of Gs-coupled zebrafish GPR4 at pH 8.5). All other data are
available in the manuscript or supplementary materials. Source data
are provided with this paper.
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