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Abstract

GPR68, an orphan G-protein coupled receptor, senses protons, couples to multiple G-proteins, and 

is also activated or inhibited by divalent metal ions. It has seven extracellular histidine residues, 

although it is not clear how these histidine residues play a role in both proton-sensing and metal 

ion modulation. Here we demonstrate that divalent metal ions are allosteric modulators that can 

activate or inhibit proton activity in a concentration- and pH-dependent manner. We then show that 

single histidine mutants have differential and varying degrees of effects on proton-sensing and 

metal ion modulation. Some histidine residues play dual roles in proton-sensing and metal ion 

modulation, while others are important in one or the other but not both. Two extracellular disulfide 

bonds are predicted to constrain histidine residues to be spatially close to each other. Combining 
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histidine mutations leads to reduced proton activity and resistance to metal ion modulation, while 

breaking the less conserved disulfide bond results in a more severe reduction in proton-sensing 

over metal modulation. The small-molecule positive allosteric modulators (PAMs) ogerin and 

lorazepam are not affected by these mutations and remain active at mutants with severely reduced 

proton activity or are resistant to metal ion modulation. These results suggest GPR68 possesses 

two independent allosteric modulation systems, one through interaction with divalent metal ions at 

the extracellular surface and another through small-molecule PAMs in the transmembrane 

domains. A new GPR68 model is developed to accommodate the findings which could serve as a 

template for further studies and ligand discovery by virtual ligand docking.

Graphical Abstract

GPR68 is an understudied orphan G-protein coupled receptor (oGPCR). First cloned from 

an ovarian cancer cell line for ovarian cancer G-protein-couple receptor 1 (therefore also 

known as OGR1 in the literature),1 it is widely expressed in most tissues and cells1–3 and 

functions as a proton-sensing receptor.4,5 Together with two other orphan receptors, GPR4 

and GPR65 (previously known as TDAG8), they form a subfamily of proton-sensing 

GPCRs.6–8 In responding to acidic extracellular conditions, GPR68 couples to multiple 

downstream signaling pathways via different families of G-proteins in different cells, 

including Gq/11, Gs, Gi/o, and G12/13,4,5,9,10 and has been implicated in a range of biological 

processes and pathological conditions, including pH homeostasis, insulin secretion, bone 

metabolism, learning and memory, blood flow and mechanosensing, inflammation, tumor 

metastasis and growth, and hematopoiesis.5,11–26 As one of the understudied GPCR targets 

of the NIH funded Illuminating the Druggable Genome (IDG) program (https://

pharos.nih.gov/targets/Q15743), GPR68 has been receiving increasing attention in recent 

years and represents a potential therapeutic target for drug design and development.

As with other oGPCRs, small molecule ligands are highly desired for GPR68. For many 

years after it was cloned in 1996,1 there were no confirmed ligands that could activate or 

inhibit GPR68 except through protons (H+). In 2015, we had reported a small molecule 

ligand ogerin as the first novel positive allosteric modulator (PAM)5 and subsequently 

improved ogerin analogues,27 and three endogenous orphan peptides as PAMs for protons at 

GPR68,28 thus extending the number of available tool compounds for GPR68. The 

molecular mechanisms of allosteric modulation of proton activity by small-molecule ligands 

or peptides remain unknown. With H+ as an agonist, extracellular histidine (His, H) residues 

(Figures 1a, 1b) were identified as orthosteric binding sites,4 suggesting that proton-sensing 

receptors are a unique group of GPCRs with multiple extracellular orthosteric binding sites. 

A proposed mechanism of GPR68 activation by H+ is initiated upon protonation of 

extracellular His residues, which disrupts H-bond interactions between the His residues that 

Huang et al. Page 2

Biochemistry. Author manuscript; available in PMC 2021 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pharos.nih.gov/targets/Q15743
https://pharos.nih.gov/targets/Q15743


keep the receptor in an inactive conformation.4 In the same study, the metal ions Zn2+ and 

Cu2+ were proposed to complex with unprotonated His residues to stabilize the receptor, and 

micromolar concentrations of Zn2+ and Cu2+ showed inhibitory activity at GPR684. Zn2+ 

and Cu2+ have since been used as GPR68 antagonists in pharmacological assays.24 Other 

groups have also reported on the metal ion activity at proton-sensing GPCRs. Abe-Ohya and 

colleagues identified divalent metal ions (Fe2+, Co2+, Mn2+, Ni2+, and Zn2+) as GPR68 

agonists by measuring Gq-mediated IP accumulation under neutral pH conditions.29 Using 

SRE-Luciferase reporter assays, Negishi and colleagues later reported Co2+ and Mn2+, but 

not Fe2+ or Ni2+, at high micromolar concentrations activated zebrafish GPR68,30 while 

Mochimaru and colleagues showed that GPR68 extracellular regions are critical for the 

Mn2+ activity and that activity at 100 μM is dependent on pH conditions.39 However, these 

studies did not characterize metal ion activity under multiple pH conditions or at a 

sufficiently broad pH range to determine if metal ions were still active at high pH conditions, 

i.e., if metal ions act as allosteric modulators for H+. While we were designing and 

developing allosteric modulators for H+ at GPR68,5,27 we also tested and observed that 

divalent metal ions can activate or inhibit GPR68 activity but in a concentration-and pH-

dependent manner. GPR68 has a total of 7 extracellular His residues, but it is not clear how 

individual extracellular His residues coordinate both proton-sensing and metal ion binding. 

We hypothesize that (i) divalent metal ions are allosteric modulators but not agonists, (ii) 

individual extracellular His residues may play different roles in proton-sensing and allosteric 

modulation of metal ions, and that (iii) His protonation (proton-sensing) and metal ion 

coordination are two linked and pH-dependent dynamic processes occurring at the 

extracellular regions. By characterizing functional activity of His mutants, we reveal 

differential roles of extracellular His residues in both proton-sensing and divalent metal ion 

modulation.

MATERIALS AND METHODS

Materials and Chemicals.

Human GPR68 as well as GPR4 and GPR65 cDNA was obtained from the cDNA Resource 

Center (cdna.org). GloSensor cAMP reporter plasmid was from Promega. Ogerin and 

lorazepam were purchased from Tocris or Sigma. Poly-L-Lysine (PLL) was from Sigma. 

Phosphodiesterase (PDE) inhibitory Ro 20–1724 was purchased from Tocris or Cayman 

Chemical. Luciferase substrate luciferin sodium salt was ordered from Golden Bio. 20x 

regular Hank’s balanced salt solutions (HBSS) or 20x Calcium- and Magnesium-free HBSS 

were purchased from Invitrogen. Organic buffer reagents, 2-(N-morpholino)ethanesulfonic 

acid (MES), 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), and (tris-

(hydroxymethyl)methylamino)propanesulfonic acid (TAPS), metal salts, and other general 

chemicals were purchased from Sigma or Fisher Scientific.

Site-Directed Mutagenesis.

Mutations were created with standard site-directed mutagenesis procedure using 

PrimeSTAR Max Polymerase mix from TAKARA. Primers were synthesized by Eton 

Bioscience (RTP, NC), and mutations were confirmed with a commercial sequencing service 

provided by GENEWIZ (RTP, NC).
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GloSensor cAMP Assays.

GPR68-mediated Gs activation and cAMP production were determined using the GloSensor 

cAMP assays. The following method was adopted from a previously published procedure27 

with minor modifications. In detail, HEK293T cells were maintained and cotransfected with 

receptor DNA and GloSensor cAMP reporter plasmids in DMEM containing 10% FBS. 

Overnight transfected cells were plated in PLL coated 384-well white clear-bottom plates in 

DMEM supplemented with 1% dialyzed fetal bovine serum (dFBS), about 15,000 cells in 40 

μL per well, for a minimum of 6 h up to 24 h. To prepare for the assays, cells were removed 

of culture medium (gently shaking off) and incubated for 1 h at 37 °C with 20 μL per well of 

loading buffer (1x Calcium- and Magnesium-free HBSS, 20 mM TAPS, pH 8.40) containing 

2 mM luciferin and 10 μM PDE inhibitor Ro 20–1724. Drug buffers were prepared in 1x 

Calcium- and Magnesium-free HBSS supplemented with different organic buffer agents for 

different pH ranges, 20 mM MES for pH 5.00–6.60, 20 mM HEPES for pH 6.70–8.20, and 

20 mM TAPS for pH 8.30–8.60. Fresh buffers were prepared each day to use within 24 h, 

and pH was adjusted with KOH at room temperature. Ligand stock solutions were prepared 

in DMSO at 10 or 20 mM and diluted with pH adjusted drug buffers. PDE inhibitor Ro 20–

1724 was added to working solutions to maintain the final concentration of 10 μM. Metal 

ion stock solutions were made at 100 mM with water and diluted to desired concentrations. 

Fresh FeCl2 stock was prepared whenever Fe2+ is tested. To stimulate cells with desired pH 

solutions, cells were first removed of luciferin loading solutions (gently shaking off) and 

added with 25 μL per well of premixed drug solutions. The cell plate was incubated at room 

temperature for 20 min before luminescence was counted.

Molecular Modeling.

The GPR68 model was built based on a previous model with modifications.5 Two disulfide 

bonds, C13-C258 and C94-C172, were kept, and two parts of the structure (residues 12–22 

and 82–90) were remodeled using MODELER 9.15.31 From the 1,000 generated models, 

one was selected with a tetrahedron conformation of four His residues (H17, H20, H84, and 

H169) coordinating with a Zn2+ ion. At reduced pH conditions, H20 and H169 are 

protonated, thus modeled with an alternative rotamer, not coordinated with the Zn2+.

Data Analysis.

Receptor-mediated Gs activation and cAMP production were quantified as relative 

luminescence unit (RLU), normalized, and analyzed in Prism. To obtain proton potency 

(pEC50), efficacy (Emax), and Hill slope (n) with GPR68 wild-type and mutant receptors, 

proton concentration-response curves were fitted to the Prism built-in four-parameter logistic 

function. To compare and quantify the overall effect of mutations on proton activity, we 

applied index Log(Max/EC50) to represent overall proton activity and ΔLog(Max/EC50) to 

represent the net change of mutations,32 independent of assay systems and receptor 

expression levels. For allosteric modulation of proton activity, proton concentration-

responses in the absence and presence of increasing concentrations of test modulators and 

metal ions were fitted to the standard allosteric operational model33–35 to extract key 

allosteric parameters (allosteric modulator binding affinity KB, affinity cooperativity α, 

efficacy cooperativity β). In detail, affinity cooperativity α defines the reciprocal effects on 
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the binding affinity between orthosteric agonists (protons in this case) and allosteric ligand; 

while efficacy cooperativity β defines the effects of the allosteric modulator on orthosteric 

agonist efficacy. For both α and β, >1 indicates increased binding affinity and efficacy, 

correspondingly; < 1 but > 0 indicates reduced binding affinity and efficacy, 

correspondingly. In accordance with the Black/Leff operational model used to analyze 

responses,32 results were normalized to the relative percentage of activity; therefore, basal 

activity can be constrained to 0. The orthosteric agonist binding affinity, KA, defined as 

protons binding affinity in the absence of modulator, is constrained to equal to the potency 

of protons (EC50) in the absence of modulator. Since modulators in this study have no 

agonist activity by themselves, the allosteric efficacy parameter τB is therefore constrained 

to 0 as well. All the other allosteric parameters (system Emax, α, β, KB, orthosteric agonist 

efficacy τA, and Hill slope n) are all shared globally for each group of data sets as required 

by the allosteric operational model. The system Emax can also be estimated from fitting 

curves with the Prism built-in logistic function and can also be constrained to a fixed value. 

Since the orthosteric agonist in this case is protons which always are present in the assay 

system and receptor compartment, the KB has no corresponding biochemical meaning as it 

represents the affinity of the modulator in the absence of the cobinding ligand in the model. 

We adopted the comprehensive allosteric index Log(αβ/KB) to quantify the overall allosteric 

activity of an allosteric modulator.32 Correspondingly, the difference of the index between 

reference ligand or receptor, ΔLog(αβ/KB), can be used to quantify the net change of 

allosteric activity,32 independent of assay systems and receptor expression levels.

RESULTS

Proton-Sensing GPCRs Have Unique and Different Proton Response Profiles.

Experiments on proton-mediated cAMP production with GPR68 (as well as GPR4 and 

GPR65) in transiently transfected HEK293 T cells initially were conducted in a Hank’s 

balanced salt solution (HBSS)-based buffer5 which contains 1.3 mM Ca2+ and 0.9 mM 

Mg2+. To determine the effects of other divalent metal ions and reduce potential interference 

from existing Ca2+/Mg2+ in a regular HBSS-based buffer, we adopted the use of Ca2+/Mg2+ 

free HBSS-based buffers for all the assays as described.27 When required, divalent metal 

ions were supplemented in pH adjusted buffers as indicated. Ca2+/Mg2+ (1 mM each) 

increased proton efficacy by 15–30% but minimally affected proton potency at GPR68, 

GPR4, or GPR65 as compared to control conditions (Figure 2a and Table 1). As shown, 

proton-sensing GPCRs have different profiles and minimally overlap with each other in 

responding to proton stimulation-when GPR4 is partially active at pH 8.00, GPR65 or 

GPR68 is inactive; while GPR65 is fully activated at pH 7.20, GPR68 is only slightly active. 

However, they do share a common feature - all with steep curves as reflected by high Hill 

slopes. Because of the large Hill slope, receptor activity changes drastically within a narrow 

range of pH. Specifically, GPR68 activity goes from inactivity (0%) at pH 7.60 to full 

activation (100%) at pH 6.40 (Figure 2a), as proton concentration changes by less than 16-

fold. Under normal physiological conditions (such as pH 7.40), GPR68 is maintained at a 

low activity (<10%); GPR65 is activated at about 50% capacity, while GPR4 is essentially 

fully activated, which could explain the high “constitutive activity” of GPR4 and GPR65 as 

reported in the literature.36–38
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As cell culture medium was removed before the cells were loaded with luciferase substrate 

(prepared in Ca2+/Mg2+ free HBSS-based buffers), which was also removed before 

stimulation with Ca2+/Mg2+ free HBSS-based buffers, therefore, residual Ca2+/Mg2+ levels 

are expected to be low. To ensure that residual metal ions were not interfering with other 

metal ions, we carried out proton concentration-responses in the presence of EDTA (1 to 100 

μM) (Figure 2b). EDTA does not affect proton efficacy but reduced proton potency slightly 

from pH 6.81 to 6.63 at GPR68. This demonstrated that our assay system is not affected by 

potential residual divalent metal ions and is suitable for characterizing metal ion activity.

Functional Activity of Divalent Metal Ions Is Concentration- and pH-Dependent.

We next examined metal ion concentration responses under different pH conditions. For this 

study, we selected 9 divalent metal ions (Ca2+, Cd2+, Co2+, Cu2+, Fe2+, Mg2+, Mn2+, Ni2+, 

and Zn2+). Monovalent Li+ and trivalent Al3+ were also included for comparison in initial 

assays, but they showed little activity at proton-sensing receptors and were therefore 

excluded for further studies. Four pH points were chosen for each receptor to accommodate 

their different proton response profiles, so potential metal ion activity could be determined 

when the receptor was inactive, partially activated, or sub-maximally activated under 

different pH conditions. These pH conditions were set up to reveal if metal ions have 

potential agonist activity, allosteric activity (positive or negative), or antagonist activity.

As shown in Figure 3 and Figure S1 (concentration responses of metal ions at proton GPCRs 

under multiple pH conditions), different metal ions have diverse and pH-dependent 

concentration-response profiles at different proton-sensing receptors. Overall, GPR68 is 

more sensitive to metal ions than GPR4 or GPR65. Specifically, Ca2+ slightly activates 

receptors at high concentrations, while Mg2+ has minimal effect. Therefore, the observed 

small differences seen in Figure 2a were probably due to Ca2+ but not Mg2+. Compared with 

Ca2+ and Mg2+, other divalent metal ions have larger effects. Under mildly acidic 

conditions, Cd2+, Co2+, Fe2+, Mn2+, Ni2+, and Zn2+ can activate GPR68 to or over 100% of 

proton activity. The corresponding efficacy and potency values under different pH conditions 

are listed in Table 2. The efficacy values (fold of basal) of the metal ions trend lower and 

potency of metal ions trends higher when pH is reduced (Figure 3, Figure S1, and Table 2), 

indicating that metal ion activity is pH-dependent, characteristic evidence of allosteric 

modulation. In addition, Cd2+, Cu2+, and Zn2+ show bell-shaped responses-stimulation at 

low concentrations and inhibition at high concentrations, especially at GPR68 with peaks 

forming near 1 μM of Cd2+, Cu2+, and Zn2+. Similarly, relatively lower peak activity of 

Cd2+, Cu2+, and Zn2+ occurs at GPR65 near 0.3 μM.

However, the bell-shaped activity is different at GPR4. The peak shifts to higher 

concentrations at higher pH conditions for Cd2+, Cu2+, and Zn2+. Zn2+, at pH 8.40, displays 

only a stimulation phase with no inhibition phase at up to 1 mM. The efficacy of the 

stimulation phase by low concentrations of Cu2+ is much smaller (Figure 3, Figure S1, and 

Table 2) and is better displayed when the receptor is partially activated by protons, i.e., 

under pH 7.00 and 6.80 at GPR68, pH 8.20 and pH 8.00 at GPR4, and pH 7.40 at GPR65, 

but not at other higher or lower pH conditions. Other than Cd2+, Cu2+, and Zn2+, inhibitory 

activity is also observed with Co2+ and Ni2+ at GPR65 but not at GPR68 or GPR4, 
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indicating that they may function as NAMs (negative allosteric modulators) at GPR65. 

Different from metal ions with bell-shaped responses, Co2+, Fe2+, Mn2+, and Ni2+ 

demonstrate pH-dependent agonist activity and with no inhibitory activity at up to 1 mM at 

GPR68 with higher efficacy than at GPR4 or GPR65. In summary, these results demonstrate 

that the activities of divalent metal ions are concentration- and pH-dependent, functioning as 

allosteric modulators at proton-sensing GPCRs. Co2+, Ni2+, Fe2+, and Mn2+ function as 

PAMs while others, especially Cd2+ and Zn2+, to a less degree Cu2+, function as PAMs at 

concentrations below 1 μM and as NAMs above 1 μM and at high micromolar 

concentrations. Under normal physiological conditions (pH 7.40) and especially mildly 

acidic conditions (such as pH 7.0–6.8), GPR68 activity is sensitively modulated by these 

divalent metal ions.

The pH-dependent activity profiles with metal ions indicate the activity is receptor-specific 

and concentration-dependent but may still be complicated with possible interference of 

metal ions on the luciferase activity. To determine if and how cAMP-dependent luciferase 

activity is affected by individual metal ions, we also tested them at parent HEK293T cells 

transfected to express the GloSensor reporter only, in the absence of Isoproterenol (ISO) for 

a potential stimulatory effect when basal activity is low and in the presence of 0.3 μM ISO 

for a potential inhibitory effect when basal activity is high (since ISO increases cAMP 

production through endogenous β2 adrenergic receptors) (Figure 4a). When basal luciferase 

activity is low, Ca2+/Mg2+ has minimal if any effect, and the presence of Cd2+, Cu2+, and 

Zn2+ has small inhibitory activity at high concentrations (over 30 μM), while the presence of 

Co2+, Fe2+, Mn2+, and Ni2+ has weak stimulatory activity at high concentrations (≥30 μM), 

much lower than the maximal stimulations of these metal ions at GPR68 at 7.40 (Figures 4b 

and 4c inserted bars and Table 2). With high concentrations of cAMP (high luciferase 

activity), Ca2+/Mg2+ and Fe2+ have no inhibitory effect, and Ni2+ has no activity until 3 

mM. Mn2+ again showed small stimulatory activity at high concentrations. Clear inhibition 

is observed with Cd2+, Co2+, Cu2+, and Zn2+ starting at 100 μM. These results indicate that 

small levels of nonspecific stimulatory activity by some metal ions would not be expected to 

interfere with the characterizations of these metal ions at GPR68 for stimulatory activity. 

Nonspecific inhibitory activity by some metal ions occurs at concentrations higher than their 

inhibitory activity at GPR68 (Table 2); therefore, this would not be expected to be 

responsible for the observed inhibition at GPR68. Nevertheless, to avoid nonspecific 

inhibitory activity at high concentrations, we mainly focused on the stimulatory activity by 

low concentrations of metal ions at GPR68 WT and mutant receptors.

Divalent Metal Ions Are Allosteric Modulators at GPR68.

To quantify allosteric activity, we measured proton concentration responses in the absence 

and presence of increasing concentrations of metal ions at GPR68 wild-type receptors. 

Results were analyzed using the Prism built-in four-parameter logistic function to obtain 

proton potency, efficacy, and Hill slopes (Figure 5 and Table 3) and the standard allosteric 

operational model33–35 to retrieve key allosteric parameters-affinity cooperativity α, efficacy 

cooperativity β, and allosteric binding affinity KB (Table 4). Cu2+ was not included in these 

experiments due to its small potentiation only at pH 6.80 and 7.00, while Cd2+ (Figure 5c) 

and Zn2+ (Figure 5h) were tested at up to 1 μM to avoid inhibitory activity as indicated from 
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Figure 3 and Figure S1. Consistent with the results in Figure 2, Ca2+ (Figure 5a) produces 

slight increases in proton efficacy and has little effect on proton potency, functioning as a 

weak β-PAM (β > 1 for increasing proton efficacy), while Mg2+ (Figure 5b) does not affect 

proton activity. The other metal ions potentiate proton activity, shifting proton concentration-

response curves to the left with or without concomitant increases in maxima (Figures 5d, 5e, 

5f, 5g). The estimated allosteric activity index Log(αβ/KB) (Table 4) follows the following 

order: Cd2+ > Co2+ > Ni2+ > Zn2+ > Mn2+ > Fe2+ > Ca2+ > Mg2+. At normal physiological 

conditions (pH 7.40), GPR68 is essentially inactive in the absence of metal ions but is at 

about 30% activity by 30 nM Cd2+ or Co2+ or Ni2+ or 1 μM Mn2+ and close to 100% 

activity by 100 nM Cd2+ or Co2+ or Ni2+ (Figures 5c, 5d, 5g). Fe2+ and Zn2+ (Figures 5e 

and 5h) are relatively weaker modulators but are also able to fully activate GPR68 under pH 

7.00 at 300 nM for Zn2+ or 3 μM for Fe2+. With both α and β > 1, these metal ions are all 

αβ-PAMs for protons at GPR68.

Differential Roles of Histidine Residues in Proton-Mediated GPR68 Activity.

Previous studies, changing extracellular His residues to Phe and measuring Gq-mediated IP 

production in transiently transfected cells, found H17, H20, H84, H169, H245, and H269 

were important for proton-mediated Gq activity, while H89, H159, and H175 were not.4 To 

systematically examine potential effects of these His residues, we mutated all 7 extracellular 

His and 2 TM His residues to Ala and Phe and compared with wild-type receptors in proton-

mediated cAMP production in transiently transfected cells (Figures 6a, 6b and Table 5). The 

overall effects of mutations on proton activity are quantified by ΔLog(Max/EC50).32 In 

general, different single His mutations have varying degrees of effect on proton activity. For 

some mutants, moderate degrees of reduction in proton potency are compensated by small 

increases in proton efficacy (fold of basal), which results in little or no change in the 

ΔLog(Max/EC50) index value. The higher maximal responses in fold of basal are mainly due 

to a reduced basal activity as compared with wild-type receptors (results not shown). All 

single His mutant have high Hill values (comparable to WT); therefore, a small change in 

proton potency could mean a large change in overall activity (Figure 6). Consistently, 

reduced effects on proton potency are observed at H20 and H169 to either Ala or Phe 

mutation. Both H20A and H20F mutations reduce proton activity by 0.6 log unit, while 

H169A and H169F reduce proton activity by 0.14 log unit. Surprisingly, all the other single 

extracellular His to Ala or Phe mutations have little or no effect on proton potency. A 

discrepancy is observed between HA vs HF mutations. If protonation is important for 

receptor activation at these sites, both HA and HF mutations would be expected to reduce 

proton potency. This discrepancy may indicate that these His residues may be less important 

for protonation but more important for the receptor structure. In contrast to extracellular His 

mutations, however, mutations in the TM domains, H245F in the TM VI and H269F in the 

TM VII, result in a reduction of 0.9 and 0.6 log unit, respectively, while corresponding 

H245A and H269A mutations have smaller effects on proton activity. The discrepancy 

between HF vs HA substitution suggests that H245 or H269 may play structural roles rather 

than being protonated during the receptor activation process. It has been suggested that 

H245 points outward into the lipid membrane environment.4 In summary, these mutational 

results indicate that H20 and H169 are more important than other extracellular His residues 
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for proton activity, while TM His residues may be complicated with their potential structural 

roles.

It has initially been proposed that GPR68 activation involves protonation on multiple 

extracellular His residues;4 therefore, we created mutants with combined His to Ala 

mutations (Figure 6c and Table 5). The mutant with both H17A and H20A mutations is 

similar to H20A alone, consistent with the data showing that the H17A mutation has little 

effect. Although H84A alone has no effect, the mutant with triple His mutations (3HA for 

H17A + H20A + H84A) shifts the proton curve to the right of the mutant with double His 

mutations of H17A and H20A. Similarly, combining H84A with H169A mutation reduces 

proton activity more than H169A alone. The mutant with four His mutations (4HA = H17A 

+ H20A + H84A + H169A) reduces proton potency further, by over 10-fold (1 log unit), to 

below pH 6.00. Further addition of H89A (5HA for H17A + H20A + H84A + H89A + 

H169A) and H159A (6HA for H17A + H20A + H84A + H89A + H159A + H169A) reduces 

proton activity by 30-fold (1.5 log unit). The 7HA mutant with all extracellular His residues 

replaced by Ala displays further reduced proton potency and has less than 10% of WT 

efficacy, in combination leading to over 300-fold (2.5 log unit) reduced proton activity. In 

summary, mutants with combined extracellular His mutations display gradually reduced 

proton activity. The 7HA mutant, with all extracellular His residues replaced by Ala, 

remains active but with severely reduced potency and efficacy. These results are consistent 

with the notion that extracellular His residues are important for proton activity, presumably 

through coordinated protonation at multiple His residues.

Differential Roles of Histidine Residues in Allosteric Modulation by Divalent Metal Ions.

To determine if and how allosteric modulation by metal ions is affected at His mutants, we 

tested all HA mutants with metal ion concentration responses. Since metal ion activity is 

pH-dependent and each mutant has a slightly different potency for protons, proper control of 

pH conditions is critical for the functional assays. We chose a pH condition at or close to the 

pEC50 point of each receptor, under which allosteric modulation of proton activity would be 

most sensitive for detection. Specifically, H17A, H245A, and wildtype (WT) were tested at 

pH 6.80; H20A was tested at pH 6.10; H84A and H175A were tested at pH 6.60; and H89A, 

H159A, H169A, and H269A were tested at pH 6.40. As shown in Figures 7a–7g, single HA 

mutations have diverse and complex activity profiles with metal ions. To facilitate 

comparison, we quantified the effects of mutations with ΔLog(Max/EC50)32 as compared 

with corresponding values at WT, and the results are presented in a heat map (Figure 8). 

Cu2+ (Figure 7c) shows small PAM activity at GPR68 WT but displays inhibitory activity at 

all mutant receptors in a similar pattern and within the same narrow range, 300 nM to 10 

μM. Although the inhibitory activity at mutant GPR68 occurs before nonspecific inhibitory 

activity in control assays (Figure 4c), the steep inhibition profiles make characterization and 

comparison difficult; therefore, Cu2+ was excluded from further assays. It is clear that ECL2 

H169 is the most important His residue for metal ions, and mutation H169A abolishes the 

PAM activity for both Cd2+ (Figure 7a) and Zn2+ (Figure 7g), greatly reducing the PAM 

activity for other metal ions. Compared with H169, H20 also abolishes the PAM activity for 

Zn2+ and greatly reduces the PAM activity for other metal ions. Slightly different from H20 

or H169, H17 demonstrates interesting and differential effects among the tested metal ions, 
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as it eliminates the PAM activity for Zn2+, severely diminishes the PAM activity for both 

Cd2+ (Figure 7a) and Co2+ (Figure 7b), has moderate reductions for Fe2+ (Figure 7d) and 

Ni2+ (Figure 7f), but barely affects Mn2+ (Figure 7e). For Cd2+, H17A right shifts the bell-

shaped curve with peaking concentration at 10 μM (vs 1 μM at WT) (Figure 7a). H20A right 

shifts the curve further with a peaking concentration of over 100 μM. However, H169A 

precludes PAM activity and only displays inhibitory activity. The estimated inhibitory 

potency of Cd2+ is similar at HA mutants, 182 μM at H17A, 398 μM at H20A, and 123 μM 

at H169A vs 71 μM at WT. For Zn2+, H17A and H20A show a little PAM activity at 0.3 to 3 

μM (too small to quantify) but demonstrate clear inhibition as H169A with similar efficacy. 

A wider range of inhibitory potency of Zn2+ is observed, 34 μM at WT, 30 μM at H17A, 145 

μM at H20A, and 2.1 μM at H169A. These results indicate that H17, H20, and H169 are 

critical for PAM activity while remaining His or other residues are important for NAM 

activity for Zn2+. Compared with H17, H20, and H169, a different pattern is observed for 

H84 and H89. These have very similar profiles and reduce activity the most for Co2+ and 

Ni2+ ions while having relatively moderate reductions for other metal ions. Different from 

other extracellular His residues, H159 and H175 have small and similar reducing activity for 

all metal ions (except for Mn2+ at H159), suggesting H159 and H175 are not critical 

residues for metal ions. Similar to H159 and H169 and different from other extracellular His 

residues, two TM His residues, H245 and H269, also have smaller effects on metal ions. 

H245A mutation essentially has no effect on Cd2+, Ni2+, or Zn2+, while H269A mutation 

results in the same degree of reduction for all tested metal ions, except for Mn2+, which is 

compensated by increased efficacy (Figure 7e), similar to their nonessential role in proton 

sensing and consistent with the notion that they, individually, play more structural roles than 

directly involving metal ion modulation. In summary, these results indicate that extracellular 

H17, H20, H84, H89, and H169 are important for PAM activity of divalent metal ions.

Small-Molecule PAMs Are Minimally Affected by Single Histidine Mutation.

Compared with metal ion modulations, the small molecule PAMs ogerin and lorazepam5 are 

affected by His mutations to a much smaller extent (Figures 7h, 7i, Figure 8). Furthermore, 

profiles for ogerin are also different from those for lorazepam. In general, for most His 

mutations, small reductions are observed for ogerin, but small degrees of enhancement are 

observed for lorazepam. The His residues (such as H17 and H169) critical for metal ions 

have very little effect on ogerin (ΔLog(Max/EC50 is −0.04 and −0.06, respectively) but do 

enhance lorazepam activity by 3.0-and 2.7-fold (ΔLog(Max/EC50 is 0.49 and 0.43, 

respectively). H20 and H175 are the only mutations with reducing effects on both ogerin and 

lorazepam. The largest difference between ogerin and lorazepam is observed at TM VII 

H269A, which reduces ogerin activity by about over 2.2-fold and enhances lorazepam 

activity by 3.8-fold, leading to an over 8-fold difference between ogerin and lorazepam. In 

summary, when compared with metal ions, ogerin and lorazepam are less but differently 

affected by single HA mutations, suggesting extracellular His residues are not directly 

involved in binding interactions with ogerin or lorazepam.
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4HA Mutations Abolish Metal Ion Modulation but Minimally Affect Allosteic Modulation by 
Ogerin and Lorazepam.

We have shown that H20 and H169 are important for proton sensing, while H17, H20, H84, 

and H169 are important for metal ion binding and modulation. We next measured metal ion 

dose-response relationships at the 4HA mutant (H17, H20, H84, H169) under pH 5.70 

(pEC50 is 5.61, Table 5). The 4HA mutant becomes resistant to the positive allosteric 

modulation by any tested metal ions but remains sensitive to the negative modulation by 

Cd2+ and Zn2+ (Figure 8 and Figures 9a vs 9b). The inhibitory potency of Cd2+ is 204 μM, 

slightly higher than 71 μM at WT receptors. However, the inhibitory potency of Zn2+ is 8.9 

μM, higher than 2.1 μM at a single H169A mutation but lower than H17A (30 μM) or H20A 

(145 μM) or WT (34 μM) receptors. The results indicate that these His residues are critical 

for the PAM activity but not responsible for the NAM modulation for Cd2+ or Zn2+. As with 

the individual HA mutant, the 4HA mutant is still sensitive to ogerin and lorazepam 

modulation (Figure 8, Figure 9e), displaying slightly reduced activity for ogerin and slightly 

enhanced activity for lorazepam. This demonstrates that the 4HA mutant is not a dead 

mutant but defective only to the positive modulation by metal ions. Full concentration-

response curves in the absence and presence of increasing concentrations of metal ions 

(Figure 10) further confirm that the mutant is resistant to metal ion modulation under all 

assay conditions but does remain active with ogerin and lorazepam with the allosteric 

activity index ΔLog(αβ/KB) of 4.91 for ogerin and 5.33 for lorazepam (Table 4). These 

values are slightly reduced for ogerin and not changed for lorazepam as compared with 

corresponding index values at the GPR68 WT receptor.

Structural Roles of the Disulfide Bond between C13 and C258.

The above results identified extracellular His residues important for proton sensing and 

metal ion modulation. The 4HA mutant remains to be fully activated by protons with 

reduced potency (Table 5 and Figure 6) but becomes resistant to positive allosteric 

modulation by any tested metal ions (Figures 8 and 9), implying that these His residues may 

form a binding pocket for metal ions. This requires them to be physically close to each other. 

H84 and H169 could be constrained within proximity through the highly conserved disulfide 

bond between C94 in TM III and C172 in ECL2. H17 and H20, however, being close to each 

other in the N-terminus, would need a structural constraint to bring them to be near H84 

and/or H169. One possibility is a disulfide bond between C13 (N-Terminal) and C258 

(ECL3) (Figure 1a). If this is the case, breaking the disulfide bond would be expected to 

release the structural constraint and reduce or eliminate metal ion modulation. We therefore 

first mutated C13 and C258 to Ala and tested mutant receptors for proton-mediated receptor 

activation. Mutant C13A or C258A has a similar effect on proton activity and reduces proton 

potency by about 15-fold and proton efficacy by about 50% (Figure 6c and Table 5), a larger 

effect than any single His mutation. In addition, both C13A and C258A have reduced 

steepness of the proton response curves as compared with WT or other mutants as indicated 

by lower Hill slopes (Table 5). These results indicate that C13 and C258 form a disulfide 

bond which is critical to constrain the N-terminal and ECL3 for potentially coordinated 

proton binding and receptor activation. Without the disulfide bond, the homotropic 

cooperativity of proton binding (high Hill values) is reduced. We then examined C13A and 

C258A for allosteric modulation by metal ions, carried out at a pH of 6.00, close to 
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corresponding proton potency when allosteric activity could be easily observed. As shown in 

Figures 9c and 9d, C13A and C258A display similar response profiles to metal ions. 

Compared with GPR68 WT (Figure 9a), C13A and C258A curves are right-shifted by over 

16-fold (average of 1.29 log unit for C13A and 1.21 log unit for C258A, Table 4) but with 

increased efficacy, except for Zn2+, which displays residual PAM activity at C13A (Figure 

9c) or C258A (Figure 9d). The bell-shaped concentration-response profile for Cd2+ and 

Zn2+ remains but with a plateau at 30 μM for Cd2+ and 10 μM for Zn2+ at C13A and C258A 

vs a plateau at 1 μM at WT (Figures 9c, 9d vs 9a). These results indicate that the C13A or 

C258A mutant retains the metal ion binding pocket but also that conformational 

configuration is probably less optimized for metal ion binding. To fully characterize the 

4HA (Figures 10a, 10d, 10g, and 10j) and Cys (Figures 10b, 10c, 10e, 10f, 10h, 10i, 10k, 

and 10l) mutants with metal ions under a wider pH range, we also measured proton 

concentration-responses in the absence and presence of increasing concentrations of metal 

ions. We used higher metal ion concentrations for C13A and C258A mutants to compensate 

for the reduced affinity. As displayed in Figure 10 vs WT results in Figure 5 and quantified 

in Table 4, the allosteric activity index ΔLog(αβ/KB) is reduced approximately 10-fold as 

compared with corresponding values at GPR68 WT. Low PAM activity by Zn2+ is visible at 

C13A or C258A, but the extent of allosteric potentiation is too small to quantify. In addition, 

Zn2+ turns out to have inhibitory activity at above 1 μM at GPR68 WT, and at above 10 μM 

at C13A or C258A receptors, measurable PAM signal windows are reduced at mutant 

receptors when the inhibitory activity starts to dominate between 1 and 10 μM.

As a comparison, we also tested ogerin and lorazepam to determine if allosteric modulation 

is affected by 4HA mutations (Figures 10m and 10p) or at C13A (Figures 10n and 10q) or 

C258A (Figures 10o and 10r). Not surprisingly, C13A or C258A remains sensitive to ogerin 

and lorazepam with small changes in allosteric activity (Figure 8, Figures 9f and 9g), an 

effect very similar to those seen with single HA mutants (Figure 8). Detailed 

characterization of allosteric modulation of proton activity by ogerin and lorazepam at the 

Cys mutants (Figure 10) confirms that ogerin or lorazepam activity is largely unchanged, 

with a small reduction of Log(αβ/KB) for ogerin and a small increase for lorazepam. These 

results are consistent with those from single HA or 4HA mutant and indicate that the 

allosteric binding pocket for ogerin and or lorazepam is probably not altered by C13A or 

C258A mutation.

A Model Explains GPR68’s Histidine Moieties.

Based on the above results, we developed a model to highlight important and differential 

roles of extracellular His residues of GPR68 in both proton binding and metal ion allosteric 

modulation (Figure 11). Two disulfide bonds, one highly conserved between C94 in TM III 

and C172 in ECL2 and another relatively less conserved between C13 in the N-terminus and 

C258 in ECL3, bring and constrain the 4 extracellular residues (H17, H20, H84, and H169) 

close to each other in space and form a coordinated complex with metal ions (Zn2+ in this 

case as an example). Complexing with Zn2+ could constrain these His residues in a 

tetradentate configuration and stabilize local receptor conformations. Depending on the 

surrounding microenvironment, His residues may have changed pKa. Since H17 and H84 are 

not important for proton activity, we propose that their corresponding pKa values are 
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reduced and may not be protonated even at reduced pH; therefore, they will maintain 

interactions with Zn2+ ion. While H20 and H169 are both important for proton activity, they 

may have increased pKa values and therefore would facilitate proton binding and receptor 

activation under high pH ranges. Mutation of one or two of these 4 His residues would 

destabilize the tetradentate complex with Zn2+, resulting in a mutant insensitive to metal ion 

modulation. Protonated H20 and H169 residues break away from complexing with Zn2+ 

(Figure 11, right). The positively charged H169 forms interactions with a nearby D85. These 

regional changes, triggered by protonation on H20 and H169, initiate receptor 

conformational changes and the activation process. In the absence of metal ions (such as 

Ca2+/Mg2+-free HBSS buffers), these His residues are still close to each in space but may 

not be in the same configuration as in the presence of a metal ion. Therefore, proton binding 

(His protonation) could not occur until pH reaches lower points (such as below pH 6.8). 

Further mutational and functional studies are needed to examine D85, as well as other 

charged residues and aromatic residues in extracellular regions of the GPR68 in proton 

activity and metal ion modulation.

DISCUSSION

In this paper we show that GPR68 extracellular His residues play differential roles in 

interconnected proton-sensing and metal ion modulation. GPR68 contains seven 

extracellular His residues and two TM His residues, and its activation by protons is 

allosterically modulated by divalent metal ions. We systematically mutated all these His 

residues to either Ala or Phe to eliminate their capacity to become protonated under acidic 

conditions, individually and/or in combination, and performed functional assays to study 

proton activity and the allosteric modulation by divalent metal ions. Our results revealed that 

proton activity and metal ion modulation are affected by individual His mutations in 

differential ways and to varying degrees. In combination, multiple H → A mutations are 

able to block proton activity or render resistance to allosteric modulation by any tested metal 

ions. We also revealed a second disulfide bond between C13 and C258. Together with the 

highly conserved disulfide bond of C94 and C172, they could play an important structural 

role for both proton activity and metal ion modulation. Breaking the C13-C258 disulfide 

bond severely reduced proton activity, proton homotropic cooperativity (Hill slope), and 

allosteric activity of metal ions. In contrast, small molecule PAMs (ogerin or lorazepam) are 

minimally affected by either single or combined mutations. GPR68 appears to be 

allosterically modulated by two independent mechanisms: one by divalent metal ions in 

extracellular regions and another by small-molecule modulators in TM domains.

We showed that GPR68 has steep proton concentration-response curves. This feature is 

consistent with the fact that GPR68 plays an important role in pH homeostasis, which 

requires the receptor to respond quickly and efficiently to small extracellular pH changes. 

Mutational assays indicate that N-terminal H20 and ECL2 H169, individually, are more 

important than the other His residues in proton activity. While mutants with combined His 

mutations displayed gradually reduced proton activity, a mutant with all 7 extracellular His 

residues mutated to Ala displayed over 300-fold reduced proton activity, indicating that 

GPR68 requires multiple His residues to be protonated in a coordinated manner for full 

activation. This is consistent with the findings by Ludwig and colleagues,4 although we 
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measured a different signaling activity (cAMP production). Comparison with the previous 

study4 revealed more similarities than differences. H17F mutation right-shifted proton 

potency in IP accumulation, while H17A or H17F in our assays had little effect on proton-

mediated cAMP production. H20F mutation resulted in a big reduction in IP accumulation, 

consistent with our results with H20A or H20F mutation for cAMP production. TM VI 

H245F or TM VII H269F mutation led to a severe reduction in IP accumulation, also 

consistent with our observation with H245F or H269F on cAMP production. However, we 

found the H245A or H269A mutation resulted in little or a moderate change in proton 

activity. The discrepancy (H245F vs H245A or H269F vs H269A) was not observed with 

any single extracellular His mutation. Therefore, the different functional results with HF vs 

HA, depending on where the residue is located (extracellular regions or TM domains), 

suggest that TM His residues are probably not the sites for protonation but may play a more 

important structural role.

Metal ions are well-known allosteric modulators for many GPCRs.39,40 Melanocortin-4 

receptor (MC4),41 adrenergic α1A,42 GPR83,43 and 5-HT744 are sensitive to Zn2+ and or 

Cu2+, while GPR39 is modulated by Zn2+ and Ni2+ ions45–47 and is referred to as a Zn2+-

receptor.48,49 At GPR68, divalent metal ions (Cd2+, Co2+, Cu2+, Fe2+, Mn2+, Ni2+, and 

Zn2+) potentiate proton activity, especially under mildly acidic conditions. GPR68 is a rare 

GPCR, to our knowledge, that can be allosterically modulated by these aforementioned 

divalent metal ions. Therefore, it is important to ensure that assay buffers do not contain 

residual divalent metal ions.

Abe-Ohya and colleagues29 reported that metal ions (Co2+, Fe2+, Mn2+, Ni2+, and Zn2+) 

activate GPR68-mediated Gq-IP accumulation. These assays were carried out at “neutral” 

pH conditions (probably pH 7.4). If compared with our results at a single pH 7.40 point and 

by measuring cAMP production, their results are consistent with ours, namely that these 

metal ions activate GPR68 in a concentration-dependent manner. Other reports30,50 using 

SRE-luciferase reporter assays failed to confirm metal ions, such as Ni2+, Fe2+, and Zn2+, as 

“agonists” at GPR68 under multiple pH conditions. Several factors could be responsible for 

the discrepancy. Specifically, SRE-Luciferase reporter activity is mainly downstream of 

G12/13-protein activation, needs a longer incubation time than Gq-IP accumulation or 

cAMP production, and is less sensitive than cAMP assays. In addition, the pH stability 

control in the presence of CO2 and at 37 °C for a long period of incubation could be 

challenging. To determine if extracellular His residues are important for metal ion activity, 

previous studies used mutant GPR68 receptors that might not be activated by proton 

stimulation. Specifically, H245F and a mutant with 5 HF mutations (H17F + H20F + H84F 

+ H169F + H269F) showed no activity to metal ions, but their responses to reduced pH 

conditions were not examined.29,30 If it is assumed that metal ions are agonists independent 

of protons, this supports the conclusion that extracellular His residues are critical for metal 

ions (since they failed to activate the His mutant receptors). However, these metal ions are 

allosteric modulators for protons. Thus, their activity is dependent on proton activity, and the 

characterization of metal ion allosteric activity requires mutants that are still responsive to 

protons.
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The metal ions Co2+, Cu2+, Fe2+, Mn2+, Ni2+, and Zn2+ are all essential metals playing 

critical roles in a wide range of physiological processes, and deficiency or overdose of these 

essential metal ions is implicated in numerous disorders, especially neurological conditions.
51–53 Among them, Zn2+ is probably the most important essential metal ion, cosecreted with 

glutamate into synapses and with insulin from β-cells, and functions as a neuromodulator 

and a signaling messenger.54–58 High micromolar Co2+ has been widely used as a chemical 

inducer of hypoxia in vitro models.59 Cd2+, a major environmental contaminant, is a 

neurotoxic, and carcinogenic heavy metal and accumulation in the human body may be 

related to a variety of different diseases.60,61 Our study revealed that all these metal ions 

could potentiate proton activity at GPR68 at normal physiological pH conditions at 

concentrations as low as 30 nM, an extracellular level that may be attained in the synapses of 

the brain. More importantly, since they are PAMs at low concentrations, their activity could 

be dramatically enhanced under mildly acidic conditions, which are usually associated with 

neurological disorders or neuroinflammatory conditions. At high micromolar concentrations, 

Cd2+ and Zn2+ also have NAM activity. Bell-shaped biphasic responses of Zn2+ were 

previously observed at 5-HT1A binding assays with peak stimulation at about 10 μM62 as 

well as Glycine receptors with peak responses at 1 to 10 μM and may be associated with 

high and low-affinity Zn2+ sites.63,64 Compared with GPR39, a so-called Zn2+-sensing 

GPCR, GPR68 is much more sensitive with a potency of 209 nM under pH 7.40 vs 81 μM 

for the Gq-IP pathway and 380 μM for the Gs-cAMP pathway at GPR39.46 GPR68 is also a 

sensitive GPCR sensor for other divalent metal ions, especially Cd2+, Co2+, and Ni2+ with a 

potency of 50, 72, and 123 nM, respectively, under pH 7.40. These ions become more potent 

when pH drops to 7.00–6.80. GPR68 is highly expressed in the brain and pancreas; 

therefore, PAM or NAM activity of divalent metal ions at GPR68 under neutral or mildly 

acid conditions is physiologically and pathophysiologically relevant.

Our functional results support the existence of an additional but less conserved disulfide 

bond between C13 and C258 of GPR68. This less conserved disulfide bond in the GPCR 

family also exists in structures of CXCR4,65 CCR5,66 AT1,67,68 AT2,69,70 P2Y1,71 

P2Y12,72,73 CysLT1,74 and CysLT275 receptors. Together with the highly conserved 

disulfide bond in the GPCR family between TM III and ECL2 (C94 and C172, respectively, 

in this case), the two disulfide bonds bring N-terminal H17 and H20, ECL2 H84, and ECL3 

H169 within proximity to coordinate tetradentate interactions with a metal ion (Zn2+ in this 

case) under high pH conditions. H20 and H169 (but not H17 or H84) are protonated at above 

neutral pH conditions. Protonated His residues break away from interactions with Zn2+ and 

form new interactions with nearby residues. These dynamic interactions, initiated by 

protonation on H20 and H169, trigger conformational changes and receptor activation 

processes. Without a Zn2+ forming complex with these His residues, H20 and H169 will not 

be protonated until well below neutral pH conditions. It is worth pointing out that Zn2+ 

binding is observed in the extracellular regions of several crystal structures of 7TM 

receptors,76 especially in the PAF receptor crystal structure (PDB code 5ZKQ) where tight 

tetradentate interactions of Zn2+ with H8, E259, H268, and N272 were well-defined.77 In 

addition, in a β2 structure (PDB code 6WXT), E107 and H172 form an extracellular binding 

site for a Ni2+ ion.78 Our current model may not be applicable to all metal ions or explain all 

observed activity in this study but could serve as a starting template for further 
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optimizations. Further mutational and pharmacological studies are needed to identify (i) 

potential interaction partners for His residues (such as H20 and H169) after protonation, (ii) 

other residues that may coordinate with metal ions, and (iii) residues for the putative second 

metal-binding site and their potential roles in NAM activity. Before GPR68 structures 

become available, homology models are essential tools for docking and virtual screening. 

Revealing molecular mechanisms by which GPR68 is activated by protons and allosterically 

modulated by divalent metal ions would facilitate designing mechanism-based selective 

ligands for GPR68, especially when available small molecule ligands are limited and none 

of them produces antagonism.
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ABBREVIATIONS

GPCR G-protein coupled receptor

PAM positive allosteric modulator

NAM negative allosteric modulator

HBSS Hanks’ balanced salt solution

ECL1 the first extracellular loop

ECL2 the second extracellular loop

ECL3 the third extracellular loop

TM transmembrane
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Figure 1. 
GPR68 snake model and partial sequence alignment to highlight the Histidine (H) in this 

study. (a) Histidine (H) residues are highlighted and mutated in this project, H17 and H20 in 

the N-terminal, H84 and H89 in the first extracellular loop (ECL1), H159 at the top of 

transmembrane helix 4 (TM IV), H169 and H175 in ECL2, H245 in TM VI, and H269 in 

TM VII. The model is modified based on the GPR68 model from gpcrdb.org. (b) Partial 

sequence alignment illustrates the extracellular Histidine (H) residues in GPR4, GPR65, and 

GPR68.
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Figure 2. 
Proton concentration-responses at GPR4, GPR65, and GPR68 in the absence and presence 

of Ca2+/Mg2+ (a) and EDTA (b). Proton-mediated Gs-cAMP production was measured in 

transiently transfected HEK293T cells using the GloSensor cAMP assays. Results 

represented means ± SEM from a minimum of 3 independent assays, each in triplicate or 

quadruplicate, and were normalized to the proton activity in the absence of Ca2+/Mg2+ or 

EDTA for each receptor. Curves were analyzed using Prism 8.0 with the built-in four-

parameter logistic function. Parameters (basal, Emax, potency, and Hill slope) were reported 

in Table 1.
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Figure 3. 
3D mesh presentations of GPR4 (left), GPR65 (middle), and GPR68 (right) activation by 

divalent metal ions under different pH conditions. GPR4 was tested at pH 8.40, 8.20, 8.00, 

and 7.60; GPR65 was tested at pH 8.00, 7.80, 7.40, and 7.00; and GPR68 was tested at pH 

7.40, 7.00, 6.80, and 6.40. Results were normalized (0% at pH 8.40 and 100% at pH 7.60 for 

GPR4, 0% at pH 8.00 and 100% at pH 7.00 for GPR65, 0% at pH 7.40 and 100% at pH 6.40 

for GPR68, all in the absence of metal ions) and represented means from a minimum of 3 

independent assays, each in quadruplicate. Values at 4 pH conditions at each metal ion 

concentration (every half log between 1 mM to 0.1 nM) were fitted with the Prism built-in 

four-parameter logistic function to obtain potency and Hill slope values, which were used to 

carry out simulations in Prism to generate values at different pH points (every 0.05 pH 
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interval between 8.40 and 7.60 for GPR4, 8.00 and 7.00 for GPR65, and 7.40 and 6.40 for 

GPR68). Simulated values were then used to produce 3D mesh plots in SigmaPlot. Values 

obtained from experiments at 4 pH points for each receptors were included in the 3D mesh 

plots. Metal ion dose-responses were also analyzed in Prism, and pharmacological 

parameters were listed in Table 2. Corresponding concentration response curves are 

presented in Figure S1.
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Figure 4. 
Effects of divalent metal ions on luciferase activity under basal and high concentrations of 

cAMP at control HEK293 T cells transiently transfected with the GloSensor cAMP reporter. 

The assays were conducted in the Ca2+/Mg2+-free HBSS-based buffer with 20 mM HEPES, 

10 μM PDE inhibitor Ro 20–1724, pH 7.40, supplemented with indicated metal ions. (a) 

Isoproterenol (ISO) produced a concentration-dependent cAMP production through 

endogenous β2 adrenergic receptors, (b) Ca2+/Mg2+, Cd2+, Co2+, and Cu2+, (c) Fe2+, Mn2+, 

Ni2+, and Zn2+. Effects of metal ions were determined in the absence of ISO (basal) first and 

then in the presence of 0.3 μM ISO (high [cAMP]) in the same assay plate. Results were 

normalized to corresponding control (or basal) conditions in the form of the fold of basal 

and represented mean ± SEM from a minimum of 3 independent assays, each in a 

quadruplicate set. The curve was analyzed in Prism 8.4. For comparison, inserted bar graphs 

in panels b and c represented the activity of corresponding metal ions (fold of basal) at 

GPR68 at pH 7.40, with values from Table 2.
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Figure 5. 
Proton concentration-responses in the absence and presence of increasing concentrations of 

Ca2+ (a), Mg2+ (b), Cd2+ (c), Co2+ (d), Fe2+ (e), Mn2+ (f), Ni2+ (g), and Zn2+ (h). Gs-cAMP 

production was measured in transiently transfected HEK293T cells using the GloSensor 

cAMP assays. Metal ion stock solutions were made in water and diluted in pH preadjusted 

Ca2+/Mg2+ free HBSS-based buffers. Results were normalized to proton responses (%) and 

represented means ± SEM from a minimum of 3 independent assays, each in quadruplicate. 

Curves were analyzed in Prism 8.4 using the built-in four-parameter logistic function. 

Allosteric parameters are listed in Table 4. Dashed lines indicate relative activity at pH 7.40 

or pH 7.00.
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Figure 6. 
Effect of histidine mutations on proton activity. (a) Single His to Ala mutations; (b) single 

His to Phe mutations; (c) Cys mutation and combined His to Ala mutations. GloSensor-

cAMP production was measured in transiently transfected HEK293T cells using the 

GloSensor cAMP assays. Results were independently normalized (0–100%) for potency 

comparison and represented means ± SEM from a minimum of 6 independent assays, each 

in quadruplicate. Curves were analyzed in Prism using the built-in four-parameter logistic 

function. Pharmacological parameters were reported in Table 5.
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Figure 7. 
Effect of Histidine to Alanine mutations on allosteric modulation of protons by metal ions 

(a–g) and ogerin (h) and lorazepam (i). Functional assays were conducted with HEK293T 

cells transiently transfected with the receptor and GloSensor cAMP reporter. Concentration-

responses were determined under a specific pH condition close to the proton potency at a 

corresponding receptor, specifically, pH 6.80 for WT, H17A, and H245A; pH 6.10 for 

H20A; pH 6.60 for H84A and H175A; and pH 6.40 for H89A, H159A, H169A, and H269A. 

Results were normalized to corresponding basal (1.0, in the absence of modulators) and 

represented mean (fold of basal) ± SEM from a minimum of 3 assays, each in a 

quadruplicate set. Curves were analyzed in Prism 8 using the built-in four-parameter logistic 

or Bell-shaped function. Pharmacological parameters were listed in Table S1.

Huang et al. Page 30

Biochemistry. Author manuscript; available in PMC 2021 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Heat map presentation of effects of Histidine and Cysteine mutations on metal ions and 

ogerin and lorazepam. For each ligand, the ΔLog(Max/EC50) value between mutant and 

wild-type (WT) receptors was calculated from the parameters retrieved from the curves in 

Figure 7. Negative values stand for reduced activity, and positive values stand for enhanced 

activity. Results were analyzed in an Excel sheet using the built-in conditional formatting 

function. For the mutant and ligand pair with no observed PAM activity, Cd2+ at H169A, 

Zn2+ at H17A, H20A, and H169A mutants, and metals at 4HA (H17A + H20A + H84A + 

H169A), ΔLog(Max/EC50) values could not be calculated. We set the value at the lowest 

(−4.00) for presentation purposes. Detail parameters were listed in Table S1.
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Figure 9. 
Effects of combined Histidine mutations and single Cysteine mutations on allosteric 

modulations by metal ions (b, c, d) and ogerin and loraepam (e, f, g). Functional assays were 

conducted with HEK293T cells transiently transfected with the receptor and GloSensor 

cAMP reporter. Concentration-responses of metal ions and PAMs were determined under a 

specific pH condition close to the proton potency at the corresponding receptor, specifically, 

pH 6.80 for WT, pH 5.70 for 4HA mutant (H17A, H20A, H84A, H169A), and pH 6.00 for 

C13A and C258A. Results were normalized to corresponding basal (1.0, in the absence of 

modulators) and represented mean (fold of basal) ± SEM from a minimum of 3 assays, each 

in a quadruplicate set. Curves were analyzed in Prism 8.4 using the built-in four-parameter 
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logistic or Bell-shaped function. GPR68 wild-type modulation by metal ions (a) were from 

Figure 7. Pharmacological parameters were listed in Table S1.
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Figure 10. 
Proton concentration-responses at GPR68 4HA (a, d, g, j, m, and p), C13A (b, e, h, k, n, 

and q), and C258A (c, f, i, l, o, and r) mutants in the absence and presence of increasing 

concentrations of Cd2+ (a, d, and g), Co2+ (b, e, and h), Ni2+ (c, f, and I), Zn2+ (j, k, and l), 
lorazepam (m, n, and o), and ogerin (p, q, and r). Gs-cAMP production was measured in 

transiently transfected HEK293T cells using the GloSensor cAMP assays. Metal ion stock 

solutions were made in water. Lorazepam and ogerin stock solutions were made in DMSO 

and diluted in pH preadjusted Ca2+/Mg2+ free HBSS-based buffers. Results were normalized 

to proton responses (%) and represented means ± SEM from a minimum of 3 independent 

assays, each in quadruplicate. Curves were analyzed in Prism 8 using the built-in four-
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parameter logistic function. The data were also analyzed using the standard allosteric 

operation model in Prism, and allosteric parameters were listed in Table 3.

Huang et al. Page 35

Biochemistry. Author manuscript; available in PMC 2021 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. 
Extracellular divalent metal ion binding models. Left, H17, H20, H84, and H169 of GPR68 

form tetradentate coordination with Zn2+ under high pH conditions. Right, protonated H20 

breaks away, and protonated H169 breaks away and forms interactions with nearby D85. 

Two disulfide bonds (in yellow) help constrain the Zn2+ binding site.
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Table 3.

Pharmacological Parameters of Protons at GPR68 in the Presence of Metal Ions
a

metal and concentrations pEC50 (pH) Emax (%) Hill slope

Ca2+ 0 6.76 ± 0.01 99.5 ± 1.7 2.11 ± 0.09

30 μM 6.76 ± 0.01 108.3 ± 2.1 2.16 ± 0.11

100 μM 6.83 ± 0.01 101.2 ± 2.1 2.35 ± 0.14

300 μM 6.84 ± 0.01 116.6 ± 2.6 2.31 ± 0.15

1 mM 6.87 ± 0.02 133.1 ± 2.9 2.20 ± 0.14

3 mM 6.86 ± 0.02 138.6 ± 3.4 2.19 ± 0.16

Mg2+ 0 6.69 ± 0.01 99.9 ± 1.5 2.48 ± 0.10

30 μM 6.66 ± 0.01 103.2 ± 2.0 2.30 ± 0.11

100 μM 6.69 ± 0.01 94.7 ± 1.8 2.38 ± 0.12

300 μM 6.70 ± 0.02 102.3 ± 2.6 2.29 ± 0.15

1 mM 6.70 ± 0.02 115.1 ± 3.2 2.18 ± 0.15

3 mM 6.72 ± 0.02 115.7 ± 3.4 2.07 ± 0.15

Cd2+ 0 6.87 ± 0.01 99.5 ± 1.1 2.55 ± 0.10

10 nM 7.01 ± 0.01 105.0 ± 1.2 2.52 ± 0.11

30 nM 7.31 ± 0.01 104.7 ± 1.0 2.31 ± 0.11

100 nM 7.61 ± 0.01 128.4 ± 1.3 2.06 ± 0.12

300 nM 7.92 ± 0.02 141.4 ± 1.7 1.99 ± 0.13

1000 nM 8.22 ± 0.01 149.7 ± 1.9 1.54 ± 0.10

Co2+ 0 6.89 ± 0.01 99.8 ± 1.2 3.03 ± 0.13

10 nM 7.08 ± 0.01 106.5 ± 1.2 2.24 ± 0.09

30 nM 7.34 ± 0.01 108.6 ± 1.1 2.55 ± 0.12

100 nM 7.58 ± 0.01 133.0 ± 1.4 2.41 ± 0.13

300 nM 7.84 ± 0.01 152.0 ± 1.7 2.10 ± 0.11

1000 nM 8.14 ± 0.01 154.3 ± 1.7 2.27 ± 0.13

Fe2+ 0 6.79 ± 0.01 100.2 ± 1.1 3.11 ± 0.12

0.3 μM 6.87 ± 0.01 103.8 ± 1.0 2.63 ± 0.08

1 μM 7.02 ± 0.01 98.1 ± 0.8 2.58 ± 0.08

3 μM 7.25 ± 0.01 107.3 ± 1.1 3.49 ± 0.19

10 μM 7.31 ± 0.01 115.3 ± 1.2 3.60 ± 0.22

30 μM 7.34 ± 0.01 116.8 ± 1.3 4.42 ± 0.33

Mn2+ 0 6.76 ± 0.01 99.2 ± 1.0 2.53 ± 0.08

0.1 μM 6.77 ± 0.01 102.2 ± 1.2 2.00 ± 0.06

0.3 μM 6.93 ± 0.01 90.3 ± 1.2 1.73 ± 0.06

1 μM 7.22 ± 0.01 91.5 ± 1.3 1.61 ± 0.07

3 μM 7.53 ± 0.01 101.1 ± 1.2 1.66 ± 0.07

10 μM 7.84 ± 0.01 106.9 ± 1.1 1.85 ± 0.09

Ni2+ 0 6.85 ± 0.01 100.2 ± 1.6 2.46 ± 0.10

10 nM 6.96 ± 0.02 103.2 ± 2.3 1.75 ± 0.09

30 nM 7.26 ± 0.02 91.9 ± 1.5 1.85 ± 0.09
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metal and concentrations pEC50 (pH) Emax (%) Hill slope

100 nM 7.55 ± 0.01 112.5 ± 1.3 2.16 ± 0.10

300 nM 7.80 ± 0.01 134.0 ± 1.8 2.31 ± 0.15

1000 nM 8.09 ± 0.01 143.6 ± 1.9 2.32 ± 0.15

Zn2+ 0 6.78 ± 0.01 98.5 ± 1.3 2.46 ± 0.11

10 nM 6.79 ± 0.01 98.6 ± 1.4 2.48 ± 0.12

30 nM 6.83 ± 0.01 91.1 ± 1.6 2.33 ± 0.14

100 nM 6.96 ± 0.02 96.4 ± 1.8 2.06 ± 0.14

300 nM 7.17 ± 0.02 98.8 ± 1.4 2.06 ± 0.12

1000 mM 7.27 ± 0.01 100.9 ± 1.3 2.10 ± 0.12

a
Proton concentration response curves are presented in Figure 5. Parameters were extracted from curve fitting to the Prism 8.4 build-in four-

parameter logistic function.
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