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Bile acids (BAs), long known for roles in food emulsion, also
function as biological signals. By measuring intracellular cal-
cium, we have recently discovered that GPR39, a G protein-
coupled receptor, is a receptor for 3-O-sulfated BAs including
lithocholic acid 3-sulfate (LCAS), taurolithocholic acid 3-sulfate
(TLCAS) and glycolithocholic acid 3-sulfate (GLCAS) in
cultured cells and in pancreatic acinar cells. We have now used
multiple assays from electrophysiologic recording in Xenopus
oocytes, Ca%* imaging, NanoBiT, ONE-GO, and TANGO to
validate GPR39 activation by BAs. Among 30 BAs, only sulfated
forms (LCAS, TLCAS and GLCAS) evoked GPR39 activation,
activating 9 distinct Go. protein subtypes across the Go,g, Ga;,
and Go;5/;3 subfamilies. LCAS induced phosphorylation of
ERK1/2 in the pancreas and the liver, which was markedly
attenuated in Gpr39 knockout mice. Mutagenesis analysis
identified the key residues essential for GPR39 signaling. Our
results have revealed new signaling molecules downstream of
GPR39 activation.

G protein-coupled receptors (GPCRs) play important
physiological roles and are the major family of drug targets
(1), accounting for ~36% of all approved therapeutic agents
(2). GPR39 was initially identified as a growth hormone
secretagogue receptor (GHSR) homolog in the fetal brain (3)
and belongs to the class A GPCRs (4). It is expressed in the
pancreas, the liver, adipose tissues, the gastrointestinal tract,
and the central nervous system (CNS) (5, 6). GPR39 has been
reported to be involved in the regulation of cell proliferation,
differentiation, survival, apoptosis, ion transport and pH ho-
meostasis (7—12).

Twenty years ago, GPR39 was found to be a receptor for
zinc ions (Zn>*) (13, 14). However, the endogenous ligand of
GPR39 has been a subject of ongoing debate (15). In 2024, we
identified bile acids (BAs) as endogenous ligands for GPR39,
with GPR39 from evolutionarily earlier species responding
only to BAs but GPR39 from evolutionarily later species
responding to both BAs and Zn?>* (16). Our previous work
showed that BAs, particularly lithocholic acid 3-sulfate
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(LCAS), glycolithocholic acid 3-sulfate (GLCAS) and taur-
olithocholic acid 3-sulfate (TLCAS), activated intracellular
Ca®* signaling through GPR39 via the Go.q pathway, and that
GPR39 is necessary and sufficient for BA-induced Ca** re-
sponses in HEK293T cells and pancreatic acinar cells (16).
However, Ca®* signaling represents only one facet of GPCR
function, and the broader downstream signaling repertoire of
GPR39 activation by BAs remains poorly defined. Here, we
confirm and extend GPR39 activation by BAs using multiple
assays, including the classic Xenopus oocytes system,
NanoBiT-based Go. and B-arrestin recruitment assays (17),
the ONE-GO biosensor for detecting Ga. activation (18), and
measurements of ERK phosphorylation in primary pancreatic
acinar cells and hepatocytes. We have also investigated amino
acid residues in the GPR39 protein required for its activation.

Results

BA activation of GPR39 in Xenopus oocytes demonstrated by
electrophysiological recordings

We have now used the two-electrode voltage-clamp
(TEVC) technique with Xenopus oocytes, a well-established
method for investigating GPCRs activation (19). This tech-
nique enabled the detection of ion currents through endog-
enous calcium-activated chloride channels (CaCCs) (20),
activated by Go,-mediated calcium release from the endo-
plasmic reticulum (Fig. 1A). Xenopus oocytes provides a
classic model to study membrane receptors, with a well-
controlled and simplified environment facilitating specific
assessment of ligand-receptor activities (21).

To validate GPR39 activation by Zn?*, we injected either
mRNA encoding green fluorescent protein (GFP) (Fig. 1B) or
that encoding GPR39 (Fig. 1C) into oocytes. Perfusion of Zn>*
induced inward currents exclusively in GPR39-expressing
oocytes (Fig. 1C), with the half-maximal concentration
(ECsp) of 114.8 uM (Fig. 1D). No response was observed in the
GFP-expressing oocytes even at Zn>* concentrations up to
500 uM (Fig. 1B). Both the Go., inhibitor YM254890 (Fig. 1, B
and D) (22) and the CaCCs inhibitor Caccinh-A01 (Fig. 1, B
and D) (23) blocked these currents. The maximal current
amplitude activated by 500 UM Zn>** was 883 + 38.5 nA,
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Figure 1. Validation of GPR39 signaling in Xenopus oocytes. A, a schematic illustration of GPCR-mediated ion channel regulation in the Xenopus oocyte
system. Go,, type of GPCRs activate of endogenous calcium-activated chloride channels (CaCCs). B, representative current traces recorded from oocytes
injected with mRNAs encoding the green fluorescent protein (GFP) or GPR39, treated with 500 UM Zn?* and pre-incubated with 10 uM Gog inhibitor
YM254890 or 100 UM CaCCs inhibitor Caccinh-A01. C, representative current traces recorded from GPR39-expressing oocytes treated with Zn?". D, dose-
response curves Zn>"-induced currents in GPR39-expressing oocytes: curves correspond to Zn>* alone, or Zn** combined with 10 tM YM254890 or
100 pM Caccinh-A01. E, statistical analysis of current amplitudes after 500 tM Zn?* treatment in the presence of 10 M YM254890 or 100 pM Caccinh-A01,
data were expressed as mean =+ standard deviation (SD) (N > 3). One-way ANOVA test was used, **** indicates p < 0.0001. The p values of Zn** versus

YM254890 and Caccinh-A01 were both < 0.0001.

which was reduced to 4.65 + 2.17 nA by 10 uM YM254890
(p < 0.0001, Fig. 1E) and to 25.3 + 12.2 nA by 100 pM
Caccinh-A01 (p < 0.0001, Fig. 1E). These pharmacological
results suggested that Xenopus oocytes provide a reliable
system for validating GPR39 activation.

Next, we examined the effect of LCAS on GPR39 activation
in oocytes. LCAS elicited dose-dependent inward currents in
GPR39-expressing oocytes (Fig. 2B) but failed to induce re-
sponses in GFP-expressing oocytes even at LCAS concentra-
tions up to 500 pM (Fig. 24). EC5o for GPR39 activation by
LCAS was 117 uM (Fig. 2C). LCAS-induced currents were
inhibited by YM254890 (Fig. 2, A and C) and Caccinh-A01
(Fig. 2, A and C). The maximal current amplitude induced
by 500 pM LCAS was 838 + 54.7 nA, which was reduced to
18.7 £ 13.7 nA by 10 pM YM254890 (p < 0.0001, Fig. 2D) and
to 25.1 + 14.5 nA by 100 pM Caccinh-A01 (p < 0.0001,
Fig. 2D). These results provide further evidence that LCAS is
a ligand for GPR39.

In addition, exogenous G protein-gated inwardly rectifying
potassium channels (GIRKs) can be activated after GPy di-
mers dissociated from Go; (Fig. 2E). To test whether LCAS
activation of GPR39 also couples to Ga,; signaling pathway, we
injected mRNAs for two subunits of GIRK, GIRK1S and
GIRK3, along with that for GPR39 into oocytes. Perfusion of
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250 UM LCAS in high potassium media elicited a distinct
current (Fig. 2F), which was blocked by pertussis toxin (PTX),
a common inhibitor of Ga,;. The maximal current amplitude
induced by 250 puM LCAS was 491.3 + 42.8 nA, which was
reduced to 237.6 + 30.7 nA by 100 ng/ml PTX (p < 0.001,
Fig. 2G). Taken together, these results indicate that Ga,q and
Go; subunits are downstream of LCAS activated GPR39
signaling.

GPR39 recruitment of G, G, and Goy,/3 proteins after
LCAS activation

Biased signaling of GPCRs is known with different agonists
activating different signaling pathways downstream of the
same GPCR (24, 25), including differential recruitments of Go.
proteins and B-arrestins (26, 27). Heterotrimeric G proteins
are composed of 0,  and Y subunits; both Ga-GTP and Gy
dimers are both capable of regulating downstream effector
functions (28). Among them, Go proteins can be divided into
Golg/11 family, Goy, family, Ga,s family and Galip/15 family.
The human genome encodes 16 isoforms of Go. proteins, 5
isoforms of G proteins and 12 isoforms of Gy proteins (29).

To systematically investigate downstream signaling path-
ways activated by GPR39, we first utilized the NanoBiT assay
to monitor the recruitment of four major Go families
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Figure 2. LCAS as a ligand for GPR39 expressed in Xenopus oocytes. A, representative current traces recorded from oocytes injected with mRNAs
encoding the GFP or GPR39: traces correspond to 500 UM LCAS treatment, with/without pre-incubation of 10 UM Ga,, inhibitor YM254890 or 100 UM
CaCCs inhibitor Caccinh-A01. B, representative current traces recorded from GPR39-expressing oocytes, stimulated with various concentrations of LCAS
(10 uM, 50 uM, 100 UM, 250 UM, 500 uM). C, dose-response curves of LCAS-induced current amplitudes in GPR39-expressing Xenopus oocytes: curves
reflect LCAS alone, or LCAS combined with 10 tM YM254890 or 100 uM Caccinh-A01. D, statistics analysis of current amplitudes in GPR39-expressing
Xenopus oocytes treated with 500 pM LCAS (with/without 10 pM YM254890 or 100 pM Caccinh-A01), data were expressed as mean * SD (N = 3).
One-way ANOVA test was used, **** indicates p < 0.0001. The p values of LCAS versus YM254890 and Caccinh-A01 were all < 0.0001. E, a schematic
illustration of Xenoupus oocyte expression of exogenous G protein-gated inwardly rectifying potassium (GIRK) channels. F, representative current traces
recorded from oocytes co-expressing GIRK1S, GIRK3 and GPR39, stimulated with LCAS, with/without overnight pretreatment with 100 ng/ml PTX.
G, statistical analysis of current amplitudes in oocytes co-expressing GIRK1S, GIRK3 and GPR39: groups correspond to LCAS stimulation (with/without
100 ng/ml PTX pretreatment). Data are expressed as mean + SD (N = 3). Statistical comparisons were performed using a two-tailed t test (*** indicates p <

0.001). The exact p-value for the LCAS versus PTX group was 0.0003.

(Gatg, Gai, GO, and Gaty5) upon LCAS activation (17). Upon
LCAS stimulation, GPR39 recruited Gdg, Go;, and G,
proteins but not Gd, (Figs. 3A and S1). While Ga.,; showed the
highest maximal response (E,., = 1.58 Fig. 3C), Go,; displayed
the highest potency with an EC5 of 58.0 + 10.6 UM, followed
by Gaq (70.2 + 10.4 UM) and Gy, (73.0 £ 17.2 uM) (Fig. 3D).
A radar plot analysis based on the log (RA;) (30) confirmed
that GPR39 couples strongly to Ga; and Gaq (Fig. 3B).

To further refine our understanding of Gd. protein signaling
of GPR39, we used the ONE-GO biosensors (Fig. 3E), which
can detect the activation of 10 Ga isoforms (18) (Fig. 3F). We
found that LCAS-activated GPR39 engaged a broad spectrum
of Ga. proteins, including Ga.q, G/, family (Goliy, Gz, GO,
G, GOop Go,) and GoO4y/13 family (Goy, and Gos)
(Fig. 3G).

In addition to G protein pathways, P-arrestin signaling
represents another major downstream pathway following
GPCR activation (31, 32). To detect B-arrestin-1 and -2
recruitment, we used the NanoBiT method (33). We observed
that LCAS induced weak recruitment of both B-arrestin-1 and
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-2, with the ECs, values of 125 UM and 40.5 UM, respectively
(Fig. S2, A and B). Zn** alone did not induce B-arrestin-1 or -2
recruitment to GPR39, however, co-application of 4 M Zn**
significantly enhanced LCAS-induced -arrestin-1 and -2
recruitment (Fig. S2, A and B).

Comparison of BAs in activating signaling downstream of
GPR39

BAs are produced from cholesterol in the liver (34), stored
in the gallbladder, and enter intestine (35), where they are
modified by intestinal bacteria to produce secondary BAs (36).
To systematically investigate the effects of BAs on down-
stream signaling mediated by GPR39, we screened the
recruitment of Go. proteins induced by 30 different BAs using
NanoBiT assay (Fig. 44). Recruitment of Gd,g, Go,; and Go;,
to GPR39 was observed upon stimulation with the three
sulfated BAs (LCAS, TLCAS, and GLCAS) (Fig. 44). No sig-
nificant differences were observed among these three sulfated
BAs in recruiting Goiy (Fig. 48). For Go,;, LCAS exhibited the
highest potency (Fig. 4C). Go,, was weakly recruited by

J. Biol. Chem. (2026) 302(3) 111241 3



GPCR signaling by Bile Acid

A B

2.0 Ga
* q
—o—  Goy;

1.5+
g —e—  Goyy
o
8 104 —— Go Go,
=
2
g
S 0.5
4

1 Ga,,
0.0 ]
-8 -7 % -3
LCAS (log M)
Emax EC
50
C 2s- e D
I K 1 T ns

9 < 1
2 2.0 ** ns
g- 8 o
@ o —
15 Gloo
¥ p =
N 3
g 1.0 g
S 50
Z

0.5

0.0 = 0 -

Ga, Ga, Goa,, Go, Ga, Ga, Ga,,

E H
120 Eo

- 100
o Ji
qg%a%};P detector 0]
vEP ve) QElD
\_/ 4
BRET
F Go,
q
Go,,

LCAS Ga, Ga, Go, Gao, Ga, Goa,, Go,, Go, Go, Ga, Go

q

ABRETx10?
) N
S S 3
| | |

o
|

i3

GPR39

~ 50
Ga,,

150

120 —o— Guq —o— Gaon
100+
1004 o Go, —e— Ga,
80—
—e— Ga, —— Ga,,
60—
—o— Gao,, —— Go,, ! o8 50
40 ; :
20-{ —5— Gop, —o— Go,
0 & e )
T T T O_
8 b 4l

o
LCAS (log M) Ga,  Go, Go, Gay Go,, Goy Go, Go, Ga,

EC,,(uM)

ABRETx10?

e Y

13

Figure 3. Recruitment of Go,,, Ga;, and Galy5/13 by GPR39 after LCAS activation. A, dose-responses for GPR39 activation by LCAS, as detected by the
NanoBiT assay, showing recruitment of Ga. proteins. Data were normalized to the HBSS group. B, a radar plot showing recruitment efficiencies of different
Ga. proteins by LCAS-activated GPR39. Recruitment strength for each Ga. protein was expressed as the log of the response efficacy (log[RAi]). C, Eqax Of
GPR39 activation by LCAS for different Ga. proteins, based on the NanoBiT assay. Data from 3 independent replicate experiments with 3 replicate wells at
the 250 UM, N = 9, mean + SD. Data were normalized to the HBSS group. One-way ANOVA test was used, ** indicates p < 0.01, **** indicates p < 0.0001.
The p values of Go;, Go.y, and G, versus Go.q were 0.0013, < 0.0001 and < 0.0001. D, ECs, of GPR39 activation by LCAS for different Ga. proteins, based on
the NanoBiT assay. N = 3, mean * SD. One-way ANOVA test was used, ns indicates p > 0.05. The p values of Go; and Ga.,; versus Go, were 0.7487 and
0.9834. E, a schematic diagram of the ONE-GO assay, illustrating energy resonance transfer between the nanoluc (Nluc) and yellow fluorescent protein
(YFP) peptides for detecting Ga. protein recruitment after GPCR activation. F, classification of Ga. proteins activated by LCAS via GPR39, as determined by
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Figure 4. Ga protein recruitment after BAs activation of GPR39. A, a heatmap of Ga proteins recruitment by GPR39 after activation by BAs based on
NanoBiT assay. Each BA was tested at 200 UM in triplicate. Data were normalized to the HBSS group. B-D, dose-response curves showing the activation of
GPR39 and recruitment of Go,, (B), Go,; (C), and Ga,y, (D) proteins based on NanoBIiT assay by LCAS, TLCAS and GLCAS. N = 3, mean * SD. Data were

normalized to the HBSS group. E-N, BRET in HEK293T cells expressing GPR39
Gaog (J), Ga, (K), Gatyy (L), GOz (M), and Go,s (N) upon stimulation with LCAS,
mean = SD.

GPR39 after stimulation with any of these sulfated BAs
(Fig. 4D).

We further examined Go. protein activation by the three
BAs using the ONE-GO assay. LCAS, TLCAS, and GLCAS
activated Golg, G0li/o (GOiz, GO, GOliz, GOloa, GOlop, GOL,), and
Gol1o/13 (Goljo and Go3) family members, but failed to acti-
vate Go, protein. These results were consistent with the
NanoBiT-based G protein recruitment assays. Our systematic
analysis indicates that among BA-GPR39 signaling, the
sulfated BAs LCAS, TLCAS, and GLCAS are potent agonists

along with ONE-GO biosensors Go, (E), Goi; (F), Gaiz (G), Gaz (H), Gotoa (1),
TLCAS and GLCAS. Each concentration was measured in triplicate. N = 3,

of GPR39 and preferentially signal through Gag, Ga; and
Galz/lg pathway

Differential signaling initiated by LCAS and Zn** activation of
GPR39

To compare G protein coupling preferences between Zn>*
and LCAS, Zn>* induced GPR39 signaling was analyzed using
the ONE-GO assay. We found that Zn>* activated a broad
spectrum of G proteins, including Gdg, Gy, (G, G,

the ONE-GO assay. G, BRET in HEK293T cells expressing GPR39 along with different ONE-GO biosensors upon LCAS stimulation. Each concentration was
measured in triplicate. N = 3, mean + SD. H, E,.x of GPR39 activation by LCAS for different Ga. proteins, based on the ONE-GO assay. Data from 3 in-

dependent replicate experiments, N = 3, mean + SD. /, ECso of GPR39 activati

mean + SD.
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ion by LCAS for different Ga. proteins, based on the ONE-GO assay. N = 3,
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Gol3, Goloa, GOlop, GO,), and Golip/13 (GOlyo, and Golyz) family
members, but not Go (Fig. 5, A-J). Ranked by maximal re-
sponses, the majority of Go. proteins activated after Zn>*
treatment of GPR39 were similar to those downstream of
LCAS activation of GPR39 (Fig. 5K). However, LCAS elicited
significantly higher E, .« values for the 3 Go,; isoforms (G,
Gy, and Goys) compared to Zn** (Fig. 5K). Notably, Zn**
showed lower ECs, values (indicating higher potency) than
LCAS across all Ga. proteins (Fig. 5L). Details of Ga. protein
activation by GPR39 in response to LCAS and Zn>" are listed
in Table S1.

GPR39 residues required for BA and Zn** signaling

To search for important residues responsible for GPR39
activation, we performed multiple sequence alignments of
GPR39 proteins from different species (Fig. 6A4), and we
generated 21 mutants carrying single amino acid residue
changes and 2 mutants carrying double residue changes. We
quantified their responses to LCAS and Zn** using Ca®* im-
aging (Fig. 6, B—G). These 25 residues were highly conserved
across species (Fig. S3A) and located in the orthosteric ligand-
binding pocket of the Class A GPCRs (37).

Mutations at these conserved residues attenuated the E .
of GPR39 response to LCAS and Zn**. For both LCAS (upper
panel of Fig. 6H) and Zn>* (upper panel of Fig. 6I), most
mutants exhibited lower maximal responses compared to the
wild type (WT). To rule out expression defects, we assessed
the surface expression of all mutant proteins by ELISA. With
the exception of L170A, 1224A/F225A, R303A, and F115A/
Y334A, which displayed less than 70% of the WT expression
level, the remaining mutants showed efficient membrane
localization (Fig. S5D).

Among these, mutations in residues R302 and E116 caused
the most pronounced effects on the E ,, of GPR39: the E .«
of R302A and E116A to LCAS were reduced to less than one-
third of that of the WT (upper panel of Fig. 6H), and both
mutants completely lost responses to Zn>* (upper panel of
Fig. 6I). V166A and Y334A mutants significantly increased
ECsq values of LCAS (lower panel of Fig. 6H), while W217A,
F115A and K309A increased ECs, values of Zn** (lower panel
of Fig. 6l).

As shown in the scatter plots, a strong correlation was
observed between the E,,, of mutants induced by LCAS and
that by Zn** (Fig. 6K). However, the changes in ECs, of
mutants showed a much weaker correlation (Fig. 6]).
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Figure 5. Signaling pathways activated by LCAS and Zn?* via GPR39. A-J, BRET in HEK293T cells expressing GPR39 along with different ONE-GO
biosensors Goig (A), Gaiy (B), Gz (C), Gz (D), Goloa (E), Golog (F), GoL, (G), Goly, (H), Gogs (1), and Goc52 (J) upon stimulation with LCAS and Zn?*. Each
concentration was measured in triplicate. N = 3, mean = SD. K, E,,., of GPR39 activation by LCAS and Zn** for different G, proteins, based on the ONE-GO
assay. N = 3, mean + SD. Two-way ANOVA with Tukey’s multiple comparisons posttest was used, ns indicates p > 0.05, * indicates p < 0.05, *** indicates
p < 0.001, *** indicates p < 0.0001. The p values of Goi;, Goi, and Gouz of LCAS versus Zn?* were all < 0.0001. The p values of G5, Goly3 and Goig of LCAS
versus Zn** were all > 0.9999. The p values of Golg, Goloa, Golog and Gol, of LCAS versus Zn** were 0.8991, 0.9226, 0.4728 and 0.3154. L, ECso of GPR39
activation by LCAS and Zn?"* for different Ga. proteins, based on the ONE-GO assay. N = 3, mean + SD. Two-way ANOVA with Tukey’s multiple comparisons
posttest was used, ns indicates p > 0.05, ** indicates p < 0.01, **** indicates p < 0.0001. The p values of Go,;, Gol, and Ga;s of LCAS versus Zn>* were
all < 0.0001. The p values of Go, Gaioa, Glog, GO, GOy, and Gaiyz of LCAS versus Zn%* were 0.0007, 0.5059, 0.1692, 0.7625, 0.9956 and 0.1881.
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Figure 6. Amino acid residues in GPR39 involved in LCAS and Zn?* activation. A, a snake plot of mouse GPR39. Amino acid residues are colored
according to their conservation across species. Single letter amino acid codes in yellow indicate residues mutated to alanine in this study and the numbers
represent residue positions. B-G, responses of GPR39 mutants to LCAS and Zn?* activation: (B) TM-1/2 mutants (L33A, V82A, E90A, S93A), (C) TM-3 mutants
(F115A, E116A, ST19A, Y120A, F113A), (D) TM-4 mutants (V166A, L170A), (E) TM-5 mutants (W217A, 1224A/F225A, F228A), (F) TM-6 mutants (L292A, W296A,
N299A/Q300A, R302A, R303A, K309A), (G) TM-7 mutants (D330A, F333A, Y334A). Data were normalized to the response of WT GPR39 as 100%. H and |/,
efficacy and ECs, of responses of GPR39 mutants to LCAS and Zn*". Efficacy was normalized to the response of WT GPR39 as 100%. N = 3, mean = SD. One-
way ANOVA test was used, * indicates statistical differences, details of p value were shown in Table S2. ECs, were normalized to WT GPR39. N = 3,
mean + SD. J, scatterplots and linear fitting of ECs, change fold of Zn>* conditioned to ECs, change fold of LCAS among different mutants. K, scatterplots
and linear fitting of efficacy of Zn?* conditioned to efficacy of LCAS. L and M, dose-curves of double-point GPR39 mutants (F115A/V166A, V166A/Y334A,
F115A/Y334A) induced by LCAS and Zn?*. Data were normalized to the response of WT GPR39 as 100%. N = 3, mean * SD.
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Among these, the F115A, Y334A, and V166A mutants
deviated notably from the central line (Fig. 6/), indicating that
these residues mediated biased responses of GPR39 toward
either LCAS or Zn>*. We generated three double-residue
mutants by combining these residues in pairs. While indi-
vidual mutations at these three sites had little effect on the
Enax of GPR39 (Fig. 6, H and ), all double mutants exhibited
reduced E,.. compared with the WT (Fig. 6, L and M).
F115A/Y334A mutant nearly lost responsiveness to LCAS
rather than Zn?*, likely due in part to decreased membrane
expression (Fig. S5D). Furthermore, the V166A/Y334A
mutant showed diminished sensitivity to LCAS, yet retained
partial activation by Zn>*. Details of mutant responses to
LCAS and Zn>* were listed in Table S2.

To gain further insight into the mechanism of GPR39
activation, we modeled the structure of GPR39 with Alpha-
Fold 3 server. Because structural predictions for flexible re-
gions were less reliable, the submitted sequence excluded the
flexible N- and C-terminal regions. In addition, the longer
ECL2 of mouse GPR39 was replaced with the shorter ECL2
from zebrafish GPR39 (Fig. S3B). Using AlphaFold3, which
allowed ion inclusion in the input sequence, we obtained a
GPR39 model with Zn** coordinates (Fig. $3, D and E). Then
we performed molecular docking of LCAS to the AlphaFold3-
derived GPR39 structure using Diffdock-L (38). Among the
top five docking poses, four positioned LCAS at the periphery
of the receptor, while the Rank2 pose placed LCAS within the
receptor at the canonical binding pocket (Fig. S3E), which
coordinated with our mutagenesis data, and we chose Rank2
pose for further analysis.

AlphaFold3-predicted Zn>* site was adjacent to the
DiffDock-predicted LCAS pose, with R302 located within
4 A of both (Fig. S4, A and B). Additionally, E90, F115, E116,
R303 and D330 were also included in the predicted binding
sites (Fig. S4, C and D). Our previous results showed that
mutation at E90, E116 and R303 sites impaired the GPR39
activation by LCAS and Zn** (Fig. 6, B, C and F). Meanwhile,
E90, E116, F115 and D330 sites were also reported to be
essential to the activation of GPR39 by a synthetic agonist
comp-5 (39).

Based on the modeling and mutagenesis data, we proposed
a preliminary activation mechanism for GPR39. In the resting
state, R302 and R303 on TM6 interacted with D330 on TM7
and E116 on TM3, respectively, stabilizing the TM6 confor-
mation. Upon binding of Zn** and LCAS within the pocket,
these interactions (R302-D330 and R303-E116) were dis-
rupted, leading to conformational changes and outward
displacement of TM6, thereby triggering receptor activation.
We refered to this model as the “still-rings” model, as R302
and R303 supported the stability of TM6 in a manner anal-
ogous to the two arms supporting a gymnast on the rings.

In “still-rings” model, we hypothesized that the positively
charged Zn>* interacted with the negatively charged residue
D330, thereby disrupting the R302-D330 interaction.
Meanwhile, the negatively charged sulfate group of LCAS
interacted with the positively charged R303, disrupting the
R303-E116 interaction. It was also possible that the sulfate
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group of LCAS simultaneously engaged both R302 and R303,
thereby inducing conformational changes in TM6.

Activation of GPR39 by LCAS induces ERK phosphorylation in
primary acinar cells and hepatocytes

Previous results have shown that GPR39 mediates BA-
induced Ca”* elevation in acinar cells and plays an impor-
tant role in BA-induced acute biliary pancreatitis, and the
inflammation of acute pancreatitis was significantly reduced
in Gpr39 knockout mice (16). To investigate whether BA
induced ERK phosphorylation via this receptor, we performed
Western analyses on primary acinar cells and hepatocytes
from WT and Gpr39 knockout mice. LCAS treatment
significantly increased phosphorylation at the T202/Y204 of
ERK1 and T185/Y187 of ERK2 in WT acinar cells (p < 0.01,
Fig. 7, A and B). Of note, this upregulation of pERK/total ERK
ratios was abolished in Gpr39 knockout mice (Fig. 7C). Given
that GPR39 was also highly expressed in hepatocytes (40), we
examined this pathway in hepatocytes. Consistent with acinar
cells, LCAS significantly increased pERK/total ERK ratios in
primary hepatocytes from WT mice (Fig. 7, D and E). In
contrast, this upregulation of pERK/total ERK ratios in Gpr39
knockout mice was abolished (Fig. 7, D and F). These results
indicate that GPR39 mediated BA signaling to the ERK
pathway in pancreatic acinar cells and hepatocytes.

Discussion

We have extended our previous conclusion of GPR39
activation by BAs with electrophysiologic recording in the
Xenopus oocytes system, investigated Go. proteins recruited
by GPR39 after BAs and Zn>" activation, and dissected resi-
dues required for GPR39 activation by BA and Zn?*, and ERK
signaling by BA-GPR39. These results advance our under-
standing of molecular signaling mechanisms underlying
GPR39 and BAs interactions.

Efforts have been made to find endogenous ligands, exog-
enous agonists and antagonists of GPR39 (15, 41), Zn** (13),
eicosanoids (42), BAs (16), and the GPNMB protein (43) have
been reported as endogenous ligands of GPR39, though some
were based on a single assay and some remain controversial.
We have succeeded in employing multiple assays from elec-
trophysiologic recording in Xenopus oocytes, Ca>* imaging
(FLIPR), NanoBiT and ONE-GO, all of which provided results
supporting the idea of GPR39 activation by BAs. Taken
together, our previous and present results provide the
strongest support that BAs activate GPR39.

In mammalian cultured cells, GPR39 exhibits constitutive
activity in the absence of exogenous applied ligands (44), and
could form heteroreceptor complexes with other GPCRs (45).
Xenopus oocytes provide a system in which GPR39 showed no
constitutive activity. Results from Xenopus oocytes supported
that LCAS activated GPR39 in a dose-dependent manner.
This indicates that GPR39 alone in the cell membrane is
sufficient to mediate cellular responses to LCAS. In Xenopus
oocytes, the ECsy for GPR39 activation by Zn>* and LCAS
were much higher than those in HEK293T cells using other
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Figure 7. LCAS-induced phosphorylation of ERK1/2 via GPR39 in primary pancreatic acinar cells and hepatocytes. A, primary pancreatic acinar cells
were exposed to the indicated concentrations of LCAS for 1 h. Cell lysates were immunoblotted with antibodies against phospho-ERK1/2 and total ERK.
B and C, band intensities of WT and Gpr39~'~ mice were quantified in ImageJ, and phospho-ERK/total-ERK ratios were plotted. N = 3, mean * SD. One-way
ANOVA with Tukey’s multiple comparisons posttest was made to the untreated group, ** indicates p < 0.01, ns indicates p > 0.05. The p values of 100 pM
LCAS, 250 M LCAS and 500 pM LCAS versus control group in WT mice were 0.3417, 0.3088 and 0.0023. The p values of 100 uM LCAS, 250 uM LCAS and
500 M LCAS versus control group in Gpr39~'~ mice were 0.9986, 0.3794 and 0.1190. D, primary hepatocytes were exposed to the indicated concentrations
of LCAS for 10 min. Cell lysates were immunoblotted with antibodies against phospho-ERK1/2 and total ERK. E and F, band intensities of WT and Gpr39o~'~
mice were quantified in Imagel, and phospho-ERK/total-ERK ratios were plotted in the right panel. N = 3, mean + SD. One-way ANOVA with Tukey's
multiple comparisons posttest was made to the untreated group, ** indicates p < 0.01, ns indicates p > 0.05. The p values of 100 uM LCAS, 250 uM LCAS
and 500 pM LCAS versus control group in WT mice were 0.6873, 0.0146 and 0.0069. The p values of 100 pM LCAS, 250 uM LCAS and 500 pM LCAS versus
control group in Gpr39~~ mice were 0.3151, > 0.9999 and 0.9779.

assays. The differences may be attributed to variations in the GPR39 and GPBARI are both expressed in the gastroin-

phospholipid composition of their plasma membranes, testinal tract (6, 47, 48), suggesting potential crosstalk or
affecting receptor conformational changes (46). functional interplay between these two BA-sensing receptors.

SASBMB J. Biol. Chem. (2026) 302(3) 111241 9



GPCR signaling by Bile Acid

GPBARI, a well-established Go-coupled receptor, mediates
BA-dependent regulation of metabolic processes through
cAMP (49-51). We have previously shown that 3-O-sulfation
of BAs significantly reduces their ability to activate GPBARI,
thereby attenuating its downstream signaling (16). Here, we
report that 3-O-sulfated lithocholic acids (LCAS, TLCAS and
GLCAS) can activate Goy; signaling via GPR39. Given that Ga;
activation suppresses Go-mediated cAMP production, this
raises the possibility that GPR39 may serve as a functional
antagonist to GPBARI signaling in cells co-expressing them.
Thus, BA sulfation not only limits GPBAR1 activation directly
but also indirectly modulates its signaling output via GPR39-
Ga; signaling. This dual regulation may contribute to the
spatial and functional specificities of BA signaling within the
gastrointestinal tract.

Because of GPR39 expression in tissues such as the liver,
the pancreas, and the gastrointestinal tract (9), BA signaling
through GPR39 may regulate metabolic and digestive pro-
cesses. In the gastrointestinal tract, GPR39 activation regu-
lates epithelial tight junctions and pH homeostasis, which are
essential for maintaining gut barrier integrity (52). In the liver,
GPR39 has been reported to regulate insulin signaling,
attenuate liver fibrosis, and reduce inflammatory responses
(40). Because BAs are abundantly present in both the intestine
and liver (53), whether BA-GPR39 signaling contributes to
these functions under physiological or pathological conditions
represents an interesting topic for future studies.

The observation that LCAS induced ERK1/2 phosphoryla-
tion in primary acinar cells and hepatocytes was abolished in
Gpr39 knockout mice provides a mechanistic entry point to
dissect how endogenous BAs, via GPR39, modulate functions
of cells and organs in the digestive system under physiological
and pathological conditions.

Overall, our study provides a comprehensive analysis of
signaling pathways activated by BAs through GPR39. Our
findings have furthered the understanding of GPR39 and BAs
and highlighted the potential for studying BA-GPR39
signaling in physiological and pathological processes.

Experimental procedures
Materials

Chemicals and reagents were purchased from Promega,
Sigma-Aldrich or Thermo Fisher unless otherwise specified.
Most BAs were from IsoScience. LCAS was obtained from
Santa Cruz Biotechnology, while TLCAS and TCAS were
acquired from Cayman Chemical. HEK293T cells were
maintained in our laboratory under standard conditions.

Animals

Xenopus laevis were purchased from the Research Center
for Eco-Environmental Sciences of the Chinese Academy of
Sciences and housed in large glass tanks maintained at 18 °C,
with no more than five animals per tank. Gpr39 knockout
mice were self-propagated in our laboratory (16). All animal
procedures were conducted in compliance with the ethical
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guidelines set forth by the Ethics Committee for Animal Ex-
periments of Peking University.

DNA constructs and site-directed mutagenesis

Mouse GPR39 cDNA was cloned into the pCMV6-Entry
vector (OriGene), with an in-frame fusion to mCherry via a
P2A linker. Site-directed mutagenesis was performed using
PCR-based methods, and all mutations were confirmed by
Sanger sequencing. For membrane expression of mutants, a
3x HA tag at the N-terminus was added. A large fragment of
luciferase was fused to the C-terminus of GPR39 for the
NanoBiT assay, and mini-Go. proteins were used as previously
described (17). For Xenopus oocyte experiments, the pCMV6
vector was replaced by the pCS2 vector, which lacked
mCherry and the P2A linker.

Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with 1% penicillin-
streptomycin (Gibco) and 10% fetal bovine serum (FBS,
Vazyme). Cells were maintained in a humidified incubator at
37 °C with 5% CO,. For transfections, cells were seeded into
96-well plates and transfected with 100 ng of DNA per well
using the Lipofectamine 3000 reagent according to the
manufacturer’s instruction. The DNA-Lipofectamine mixture
was incubated for 15 min at room temperature before appli-
cation to the cells.

NanoBiT assay

The NanoBiT assay was carried out according to a previous
report (17). HEK293T cells were co-transfected with 50 ng of
the GPR39-large bit plasmid and 50 ng of the mini Ga
protein-small bit plasmid. The sequences of B-arrestinl and
B-arrestin2 were reported previously (33). After 24 h of in-
cubation, cells were washed with Hank’s Balanced Salt Solu-
tion (HBSS) and incubated with 50 pl of HBSS per well
containing 1 M Furimazine (GLPBIO, PBI3939) for 3 min.
Baseline measurements were recorded over 10 readings, fol-
lowed by stimulation with 50 pl BAs (containing 1 pM Fur-
imazine). Luminescence was recorded for 20 subsequent
readings at 25 °C using an EnSight Multimode Plate Reader
(PerkinElmer). Baselines were determined using the first three
measurements, and maximum responses were calculated as
the difference between the peak post-stimulation value and
the baseline.

ONE-GO assay

The ONE-GO assay was carried out according to a previous
report (18). HEK293T cells were transfected with 50 ng of the
GPR39 plasmid and 50 ng of the corresponding Go. protein
plasmid. After 24 h, cells were washed with HBSS and incu-
bated with 80 [l of HBSS per well containing the Nano-Glo
substrate (Promega, cat# N1120, diluted 1:200) for 2 min.
Luminescence was measured at 460 + 40 nm and 535 + 15 nm
using a BioTek Cytation5 plate reader (BioTek Instruments,
Inc.) at 28 °C. Cells were subsequently stimulated with 20 pl
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of BAs. BRET signals were calculated as the ratio of emission
intensities at 535 nm and 460 nm, with baseline values
determined from the first three measurements. For kinetic
BRET measurements, luminescence was recorded every 0.24 s
throughout the experiment, and ABRET was calculated by
subtracting the pre-stimulation baseline from all subsequent
data points.

FLIPR Ca** imaging assay

Ca”" imaging has been described previously (16). HEK293T
cells were seeded in PDL-coated 96-well plates and trans-
fected with cDNAs encoding mutant proteins. After 18 h,
cells were washed with HBSS and incubated with 50 pl of
HBSS per well containing 2 j1ig/ml Fluo-8 AM (AAT Bioquest)
for 30 min at room temperature. The dye was replaced with
an equal volume of HBSS for 5 min before recording. Ca**
responses were imaged using the FLIPR system at room
temperature. The recording interval was set to 1 s, and 50 pl
of stimulating solution was dispensed at the 30-s mark, fol-
lowed by 150 s of recording. Baseline values were calculated as
the average of the first 20 s, and the responses were deter-
mined as the maximum signal minus the baseline.

Xenopus oocyte electrophysiology

pCS2-GPR39 plasmid was linearized using the NotI-HF
enzyme and purified using the ZYMO DNA clean kit.
In vitro transcription was performed using the mMESSAGE
mMACHINE SP6 Transcription Kit. Oocytes were isolated
from X. laevis and digested with 2 mg/ml collagenase for
45 min to remove the vitelline membranes. Healthy stage
V/VI oocytes were selected for injection and incubated at
18 °C overnight. Injections of 50 nl of mRNA (10 ng per
oocyte) were performed using a Nanoject II injector. After
24 h of incubation, electrophysiological recordings were
performed using a two-electrode voltage-clamp setup. Oo-
cytes were clamped at —-80 mV once the baseline current
stabilized. Ligand applications were administered by perfu-
sion using a VC3:4 and 8 Channel Gravity Perfusion System
(ALA Scientific) at fixed time intervals. Oocytes were incu-
bated with 100 ng/ml of PTX overnight prior to recording.
Both 10 pM YM254890 and 100 pM Caccinh-A01 were
pretreated 30 s prior to ligand application.

Primary cell isolation

Acinar cells were prepared according to previous reports
(16, 54, 55). HEPES-buffered DMEM (Macklin, D6512) with
SBTI (0.1 mg/ml) bubbled with O, was used as the dissection
buffer. The freshly dissected pancreas was digested with
collagenase IV (2 mg/ml) dissolved in the dissection buffer
containing BSA (2.5 mg/ml). The pancreas was inflated with
the digestion solution, cut into small pieces, and transferred
to a flask, which was incubated at 37 °C with shaking at
120 rpm for 10 min. The digestion solution was replaced with
5 ml of fresh solution, and the pancreas was digested for
another 30 min, before filtration through a 50 jim nylon mesh
into 50 ml centrifuge tubes. Primary hepatocytes were
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prepared according to previous reports (56). After exposing
the inferior vena cava and portal vein, a syringe was inserted
into the inferior vena cava, the portal vein was clipped after 2
to 3 s, and the liver was flushed with HBSS until the liver
turned white. The perfusion was then switched to a digestive
solution with 1 mg/ml liberase. After the liver became soft, a
cell scraper was used to collect the hepatocytes. Cells were
filtered through a 70 um cell strainer, centrifuged at 50xg,
resuspended in 10% Percoll in DMEM before centrifugation at
200xg, followed by centrifugation and resuspension. Cells
were counted at 3 x 10° cells per well for 6-well plates and
6 x 10° cells for 12-well plates for hepatocytes. After 3 h, the
medium was changed and after 16 to 20 h drug treatment
could be administered. For Western blot analysis, different
concentrations of LCAS were added to cells and proteins were
extracted after incubation for the indicated times.

Bioinformatics and protein structure modeling

GPR39 protein sequences of the various species were ob-
tained from NCBI database according to our previous study
(16). Multiple sequence alignments were created using Clus-
talW software and the visualization was generated by Jalview.
Amino acid residue conservation scores were calculated by
Jalview (57). GPR39 structure modeling was generated by
AlphaFold 3 server (https://alphafoldserver.com/). The
structure modeling was based on the mouse GPR39 protein
sequence, with the flexible N- and C- terminal regions
omitted. Additionally, the long and flexible ECL2 region was
replaced with a shorter segment from the zebrafish GPR39
protein. Diffdock-L (https://neurosnap.ai/) was used to
perform LCAS docking on GPR39 structure generated by the
AlphaFold 3 server (38) and the structure was visualized using
PyMol version 3.2.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 8.
All data were expressed as mean + SD. Comparisons between
groups were performed using a two-tailed ¢ test, one-way
ANOVA or two-way ANOVA. Dose-response curves were
fitted to a log (agonist) vs. response four-parameter model
using GraphPad Prism 8. A significance threshold of p < 0.05
was considered statistically significant.

Data availability

The data supporting the findings of this study are available
within the article.

Supporting information—This article contains supporting infor-
mation includes 5 figures and 2 tables.
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