
Citation: Kim, S.-G.; Byambaragchaa,

M.; Park, S.H.; Jeong, H.-R.; Park,

J.-H.; Park, M.-H.; Kang, M.-H.; Min,

K.-S. Characterization of Trileucine

Motif in the C-Terminus of the Equine

Lutropin/Choriogonadotropin

Receptor. Curr. Issues Mol. Biol. 2024,

46, 13179–13192. https://doi.org/

10.3390/cimb46110786

Academic Editor: Sung-Kun (Sean)

Kim

Received: 17 October 2024

Revised: 13 November 2024

Accepted: 16 November 2024

Published: 18 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Characterization of Trileucine Motif in the C-Terminus of the
Equine Lutropin/Choriogonadotropin Receptor
Sang-Gwon Kim 1, Munkhzaya Byambaragchaa 2, Sei Hyen Park 1, Ha-Rin Jeong 3, Jae-Hyek Park 3,
Myung-Hum Park 4, Myung-Hwa Kang 5 and Kwan-Sik Min 1,2,3,*

1 Graduate School of Animal Biosciences, Hankyong National University, Anseong 17579, Republic of Korea;
tom0391@naver.com (S.-G.K.); mrtree119@naver.com (S.H.P.)

2 Carbon-Neutral Resources Research Center, Institute of Genetic Engineering, Hankyong National University,
Anseong 17579, Republic of Korea; munkhzaya_b@yahoo.com

3 Division of Animal BioScience, School of Animal Life Convergence Sciences, Hankyong National University,
Anseong 17579, Republic of Korea; jhlin27@naver.com (H.-R.J.); pjh624@naver.com (J.-H.P.)

4 TNT Research, Sejong 30141, Republic of Korea; pmh@tntresearch.co.kr
5 Department of Food Science and Nutrition, Hoseo University, Asan 31499, Republic of Korea;

mhkang@hoseo.edu
* Correspondence: ksmin@hknu.ac.kr; Tel.: +82-31-670-5421

Abstract: The lutropin/chorionic gonadotropin receptor (LH/CGR) belongs to the G protein-coupled
receptor family, characterized by conserved leucine residues in their carboxyl-terminal cytoplasmic
tails. This study aimed to investigate the functional significance of the equine LH/CGR (eLH/CGR)
trileucine motif in signal transduction. Wild-type eLH/CGR (eLH/CGR-wt) and mutant receptors,
in which the trileucine motif was altered to alanine (eLH/CGR-ALL, LAL, LLA, and AAA), were
analyzed in transfected cells. The expression levels of mutants ranged from 60% to 78%, with
eLH/CGR-AAA showing the lowest level. Although the trileucine motif did not individually affect
cAMP responsiveness, the combined mutant (eLH/CGR-AAA) significantly reduced cAMP response,
surface receptor levels and enhanced receptor internalization rates. Activation of phospho-ERK1/2
was rapid in all mutants, peaking at 5 min, but eLH/CGR-ALL and LAL mutants exhibited a sharp
decline in activity at 15 min. Notably, the eLH/CGR-LLA and AAA mutants showed similar phospho-
ERK1/2 activity as the wild type. The eLH/CGR-AAA mutant also displayed a two-fold reduction
in PKA signal transduction. These findings suggest that while individual leucine residues of the
trileucine motif do not affect cAMP responsiveness, the entire motif plays a crucial role in receptor
trafficking and signaling, specifically influencing PKA and phospho-ERK1/2 pathways.

Keywords: equine LH/CGR; cAMP response; loss of cell surface receptors; pERK1/2

1. Introduction

G protein-coupled receptors (GPCRs) constitute the largest class of transmembrane
cell surface receptors, regulating various intracellular signaling pathways in response to
a wide range of extracellular stimuli [1,2]. The lutropin/choriogonadotropin receptors
(LH/CGRs) are members of this GPCR family [3]. These receptors are well-characterized
within the broader group of seven transmembrane receptors (7TMRs), which mediate
intracellular effects through G protein activation [4,5]. LH/CGRs play a pivotal role in
receptor-mediated responses such as cyclic AMP (cAMP) production [6,7] and the activation
of extracellular signal-regulated kinases (pERK1/2) [8–10].

Receptor-mediated endocytosis of LH/CGRs serves two critical functions in modulat-
ing cellular responsiveness. First, the internalization of the LH/CGR-bound agonist inhibits
the activation of downstream receptors involved in intracellular signaling [11]. Second, the
persistent formation of the agonist–receptor complex within lysosomes promotes receptor
degradation and agonist-induced downregulation of cell surface LH/CGRs [12,13]. This
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internalization process is key for GPCR recycling back to the plasma membrane, which
plays a crucial role in receptor resensitization [14].

Agonist stimulation of GPCRs triggers Gs-mediated activation of adenylyl cyclase,
leading to increased cAMP production and the subsequent activation of downstream sig-
naling pathways [15,16]. Both Gαs proteins and β-arrestins are involved in ERK signaling
via two temporally distinct mechanisms: a G protein-dependent mechanism that is rapid
in onset and a slower β-arrestin-dependent mechanism [16,17]. β-arrestins, particularly β-
arrestin 1 and 2, are implicated in pERK1/2 activation in LH/CGRs and follicle-stimulating
hormone receptors (FSHRs) [13,18–20]. Notably, phospho-ERK1/2 activation in both
LH/CGR and FSHR occurs rapidly, within 5 min of agonist stimulation [21–23]. In human
LH/CGR (hLH/CGR), pERK1/2 phosphorylation was similarly enhanced within 5 min
following treatment with hCG agonist, suggesting that this effect is mediated through a
cAMP/PKA-dependent pathway [13,24].

Equine LH/CGR (eLH/CGR) binds both equine chorionic gonadotropin (eCG) and
luteinizing hormone (eLH). eLH is a glycoprotein hormone secreted by the pituitary gland,
while eCG, also a glycoprotein, is secreted by trophoblastic cells into the bloodstream of
pregnant mares between the second and fifth months of pregnancy, peaking at 70–80 days
of gestation [12,25]. Although the β-subunits of human chorionic gonadotropin (hCG) and
human luteinizing hormone (hLH) are encoded by different genes, a single gene encodes
both the β-subunit of CG and LH in horses [26–28].

Most GPCRs contain multiple sites for downstream signaling in their C-terminal
regions, including phosphorylation sites (serine and threonine residues), conserved palmi-
toylation sites (two cysteines), and a trileucine motif. The conserved leucine sequence
functions as a binding site for adaptor proteins necessary for intracellular protein trafficking
in rat LH/CGR (rLH/CGR) and hLH/CGR [29]. The deleucine-based motifs in rLH/CGR
inhibit internalization for impairment in the binding of the rLH/CGR to the endogenous
nonvisual arrestins. Among them, several LH/CGRs have been shown to have a leucine
motif in their C-terminal tail as shown in Figure 1.
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Figure 1. Schematic representation of the structure of equine LH/CGR-wt and mutants. (A) The 
amino acid sequences of the intracellular loops I–III and C-terminal region of eLH/CGR are shown. 
(B) A comparison of the amino acid sequences between eLH/CGR and mammalian LH/CGRs in the 
C-terminal intracellular regions is provided. (C) The trileucine motif mutants of the C-terminus are 
displayed. Numbers indicate the amino acid positions of the mature protein, excluding the signal 

Figure 1. Schematic representation of the structure of equine LH/CGR-wt and mutants. (A) The
amino acid sequences of the intracellular loops I–III and C-terminal region of eLH/CGR are shown.
(B) A comparison of the amino acid sequences between eLH/CGR and mammalian LH/CGRs in the
C-terminal intracellular regions is provided. (C) The trileucine motif mutants of the C-terminus are
displayed. Numbers indicate the amino acid positions of the mature protein, excluding the signal
sequence. The trileucine region, commonly found in the C-terminus of mammalian LH/CGRs, is
highlighted in sky blue. Notably, rLH/CGR contains four leucine residues in this region. Potential
phosphorylation sites are marked yellow and red in panels (A,B), while palmitoylation sites at
intracellular cysteine residues are indicated in blue in panel B.
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This trileucine motif is also found in the C-terminus of eLH/CGRs, and in the present
study, we investigated the role of these three leucine residues using site-directed mutagene-
sis. These studies were specifically designed to determine whether trilecuine motif affects
the functional properties of the eLH/CGR. Our findings revealed that substituting alanine
for Leu636Leu637Leu638 did not completely impair cAMP responsiveness, cell surface
expression, or phospho-ERK1/2 activation.

2. Materials and Methods
2.1. Materials

Oligonucleotides were synthesized, and mutated DNAs were sequenced by Genotech
(Daejeon, Republic of Korea). The pGEM-T Easy Cloning Vector was purchased from
Promega (Madison, WI, USA). DNA ligation reagents, endonucleases, polymerase chain
reaction (PCR) reagents, and restriction enzymes were purchased from Takara Bio (Shiga,
Japan). Mammalian expression vector pCORON1000 SP VSV-G was purchased from
Amersham Biosciences (Piscataway, NJ, USA). The CHO-K1 cells and HEK 293 cells were
obtained from the Korean Cell Line Bank (KCLB, Seoul, Republic of Korea). FreeStyle
MAX reagent and Lipofectamine-2000 were purchased from Invitrogen (Carlsbad, CA,
USA). Fetal bovine serum (FBS), Ham’s F-12 medium, and Opti-MEM were purchased
from Gibco (Grand Island, NY, USA). The cAMP homogeneous time-resolved fluorescence
(HTRF) assay kit was purchased from Cisbio (Codolet, France). The Lumi-Lightplus Western
blotting substrate was obtained from Roche Inc. (Pleasanton, CA, USA). SuperSignalTM

West Pico PLUS Chemiluminescent substrate was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Rabbit anti-VSV-G tag monoclonal and polyclonal antibodies, goat
anti-rabbit IgG-HRP secondary antibody, pERK1/2 antibodies, total ERK1/2 antibody, and
goat anti-mouse HRP-conjugated secondary antibody was purchased from Cell Signaling
Technology (Danvers, MA, USA). The QIAprep-Spin plasmid kit was purchased from
Qiagen Inc. (Hilden, Germany) and disposable flasks were purchased from Corning
Inc. (Corning, NY, USA). CentriPlus centrifugal filters were purchased from Amicon Bio
Separation (Billerica, MA, USA). All other reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Site-Directed Mutagenesis and Vector Construction of Equine LH/CGR Trileucine Motif

To construct point mutations in trileucine of the C-terminus for equine LH/CGR, we
templated cDNA encoding the full-length eLH/CGR-wild type (eLH/CGR-wt) using an
overlap extension PCR strategy to substitute for the alanine (A) amino acid, as described
previously [30]. The purified PCR products were subcloned into the pGEMT-Easy vector,
and the sequence was confirmed by DNA sequencing. Full-length fragments were cleaved
using the XhoI and EcoRI restriction enzymes and ligated into the pCORON SP VSVG
mammalian expression vector. The fragments cut by restriction enzymes were eliminated
from the signal sequence and inserted under the VSVG tag of the pCORON SP VSVG
vector. Finally, the direction of insertion was confirmed by restriction enzyme digestion.
Figure 1 shows a schematic diagram of equine LH/CGR-wt and the mutants, denoting the
amino acids of the C terminus region in equine LH/CGR.

2.3. Transient Transfection into CHO-K1 and HEK 293 Cells

Mammalian expression vectors were transfected into CHO-K1 cells by liposome-
mediated transfection. Cells were cultivated in growth medium [Ham’s F-12 media sup-
plemented with penicillin (50 U/mL), streptomycin (50 ug/mL), glutamine (2 mM), and
10% fetal bovine serum]. The HEK 293 cells were cultured in growth medium [Dulbecco’s
modified Eagle’s medium containing Hepes (10 mM), gentamycin (50 ug/mL), and 10%
fetal bovine serum].

The cells were grown to 80–90% confluence in 6-well plates. Each plasmid DNA
and transfection reagent were mixed with Opti-MEM and incubated for 20 min at room
temperature. The cells were washed with Opti-MEM and the DNA-Lipofectamine complex
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was added. After 5 h, fresh growth medium containing 20% fetal bovine serum was added
to each well. CHO cells were used for cAMP analysis at 48 h post-transfection. The HEK
293 cells were used to investigate the expression of the receptors, cell surface loss of the
receptors, and phosphor-ERK1/2 analysis.

2.4. Quantitation of Equine LH/CGR Expression Using Western Blotting

The transfected HEK 293 cells were harvested and solubilized in RIPA buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, and 0.5% sodium deoxycholate)
with a protease inhibitor cocktail. For Western blot analysis, the collected proteins (20 µg)
were subjected to 10% sodium dodecyl sulfate poly-acrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred onto a polyvinylidene difluoride membrane for 90 min in
a mini transblot electrophoresis cell. The membrane was blocked with 5% skim milk and
then incubated overnight with the primary antibody, rabbit anti-VSV-G tag monoclonal
antibody, diluted 1:1000 times with a blocking solution. After washing three times with
TBS-T, the membrane was incubated with goat anti-rabbit IgG-HRP secondary antibody
diluted 1:3000 in blocking buffer for 1 h, followed by washing three times with TBS-T. The
signal was detected using an enhanced chemiluminescence method with SuperSignal and
visualized on an X-ray film.

2.5. Analysis of cAMP Levels via Homogenous Time-Resolved Fluorescence Assays

cAMP accumulation in CHO-K1 cells expressing equine LH/CGR-wt or mutants
was measured using a cAMP Dynamics 2 competitive immunoassay kit (Cisbio Bioassays,
Codolet, France) as previously described [30]. Briefly, transfected cells were diluted in
0.5 mM IBMX to inhibit cAMP degradation and seeded in 384-well plates (10,000 cells
per well). And then, rec-eCG ligand (5 µL) was added to each well and incubated for cell
stimulation at RT for 30 min. The cryptate-conjugated anti-cAMP monoclonal antibody
and d2-labeled cAMP reagent were added to each well, followed by incubation for 1 h
at room temperature. cAMP was detected by measuring the decrease in HTRF energy
transfer (665 nm/620 nm) using a TriStar2 S LB942 mi microplate reader (BERTHOLD
Tech, Wildbad, Germany). The specific signal delta F (energy transfer) was inversely
proportional to the concentration of cAMP in the standard or sample. The results were
calculated from the ratio of fluorescence at 665 and 620 nm, expressed as Delta F% (cAMP
inhibition), according to the following equation: Delta F% = (standard or sample ratio-mock
transfection) 100/mock transfection. The cAMP concentration for Delta F% values was
calculated using GraphPad Prism software (version 6.0; GraphPad Software Inc., La Jolla,
CA, USA).

2.6. Agonist-Induced Cell Surface Loss Assay of Equine LH/CG Receptors

The loss of equine LH/CGR at the cell surface was assessed using ELISA as previously
described [30]. Cells were plated at a density of 6 × 105 per 60 mm dish and transfected
with equine LH/CGR-wt and mutant plasmids. Cells were seeded into 96-well plates
(1 × 104 cells) at 24 h post-transfection. The next day, cells were pre-incubated with rec-eCG
(250 ng/mL) for time-dependent analyses (0, 5, 15, and 30 min). After washing DPBS, the
cells were fixed with 4% paraformaldehyde in DPBS for 5 min. After washing twice with
DPBS, the cells were incubated with blocking solution for 30 min, followed by incubation
with rabbit anti-VSVG antibody (1:1000) and horseradish peroxidase-conjugated anti-rabbit
antibody (1:4000) for 1 h. Cells were washed three times with a blocking solution.

ELISA Femto Maximum substrate (15 uL) and Luminol/Enhancer (15 uL) were added
to each well. The luminescent signal was measured using a Cytation 3 plate reader. The
expression level of equine LH/CGR-wt was set to 100% at 0 s. The cell surface expres-
sion levels of equine LH/CGR-wt and mutants were set to 100% in untreated cells. The
expression of cell-surface receptors was calculated by comparing the loss during agonist
stimulation to the levels in untreated cells (0% loss of cell-surface receptors).
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2.7. Phospho-ERK1/2 Time Course

pCORON1000 SP VSV-G plasmids containing equine LH/CGR-wt and mutants were
transfected into HEK 293 cells. After 48 h, the cells were starved for at least 4–6 h and
then treated with a rec-eCG agonist (250 ng/mL) in a time-dependent manner. Cells were
lysed in RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA). Equal amounts (20–40 ug) of
cellular extracts were loaded onto 10% SDS-PAGE gels and transferred onto nitrocellulose
membranes. Phospho-ERK1/2 and total ERK1/2 were detected by immunoblotting us-
ing rabbit polyclonal anti-phospho-p44/42 MAPK (1:2000) and anti-MAPK1/2 (1:3000),
respectively. Membranes were then incubated with an anti-rabbit secondary antibody.
Chemiluminescence was detected using West Pico reagent, and phosphorylated ERK1/2
immunoblots were quantified by densitometry using ImageLab v. 6.0 (Bio-Rad, Hercules,
CA, USA).

2.8. Data Analysis

The Multalin multiple sequence alignment tool was used for sequence analysis. Dose–
response curves were generated for experiments performed in duplicate. GraphPad Prism
6.0 (San Diego, CA, USA) was used to analyze the cAMP response, EC50 values, and
stimulation curves. Curves fitted in a single experiment were normalized to background
signals measured in mock-transfected cells. Each curve was plotted using data from
three independent experiments. The phosphor-ERK1/2 values were calculated using
GraFit Version 5 (Erithacus Software, Horley, Surrey, UK). The results are expressed as
mean ± standard error of the mean of three independent experiments. Data were analyzed
by one-way analysis of variance (ANOVA), followed by Tukey’s comparison test using
GraphPad Prism v.6.0, as indicated in the figure captions. Statistical significance was
determined at the following levels: * p < 0.05 and ** p < 0.01, indicating a significant
difference between groups.

3. Results
3.1. Preparation of Equine LH/CGR and Their Cell-Surface Expression

We generated mutants of equine LH/CGR at the tri-leucine motif in the C-terminal
region to assess their effects on ligand-receptor interactions (Figure 1). As depicted in
Figure 1, multiple conserved phosphorylation, palmitoylation, and trileucine sites were
identified. The trileucine motif is located at amino acids 636, 637, and 638 of equine
LH/CGR, and these sites are well conserved among LH/CGRs in mammalian species, with
the exception of four sites in rat LH/CGR.

Next, we evaluated the cell surface expression of WT and mutant eLH/CGRs in HEK
293 cells using ELISA. The surface expression of eLH/CGR-wt was set as 100%, with
initial measurements at time zero. The expression levels of the eLH/CGR-ALL, LAL, and
LLA mutants were approximately 77.9%, 78.7%, and 75.3%, respectively (Figure 2A). The
eLH/CGR-AAA mutant exhibited the lowest expression level at 60%. Additionally, receptor
protein expression was analyzed via Western blotting (Figure 2B,C), which revealed a major
band corresponding to a molecular weight of approximately 80 kDa. Western blot analysis
showed higher expression for the eLH/CGR-ALL and LAL mutants compared to WT
eLH/CGR, though these results differed slightly from the ELISA data. Nevertheless, the
eLH/CGR-AAA mutant consistently showed the lowest expression level across both assays.
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Figure 2. Cell surface expression of eLH/CGRs in transiently transfected HEK 293 cells. (A) Enzyme-
linked immunosorbent assay (ELISA) and (B) Western blotting were used to assess surface expression
of eLH/CGRs. Immunoblotting results were quantified via densitometry using Image-Lab software
(Bio-Rad). (C) Western blots of whole-cell lysates from transfection were probed with antibody to
VSVG-tag as shown. Values are expressed as the mean ± standard error of the mean from three
independent experiments and normalized to eLH/CGR-wt, which was set to 100%. Statistically
significant differences were determined using one-way ANOVA followed by Tukey’s comparison test
(* p < 0.05, ** p < 0.01).

3.2. Biological Activities of the Equine LH/CGR-wt and Trileucine Mutants

We assessed the in vitro biological activity of WT and mutant eLH/CGRs in transfected
CHO-K1 cells by measuring cAMP activation (Figure 3). The dose–response curve for the
eLH/CGR-ALL mutant shifted slightly to the left compared to WT, while the curves for the
eLH/CGR-LAL, LLA, and AAA mutants shifted to the right.

eLH/CGR-wt exhibited full biological activity, with an EC50 value of 18.5 ng/mL
and an Rmax of 233.9 ± 4.9 nM per 104 cells. The biological activity of the eLH/CGR-
ALL mutant was higher than that of WT, with an EC50 value of 4.6 ng/mL (Table 1),
indicating a four-fold increase. However, the Rmax value remained comparable to that
of WT (236.1 ± 2.1 nM per 104 cells). The eLH/CGR-LAL and LLA mutants showed
biological activities similar to that of WT, but their Rmax values were considerably lower,
at 164.4 and 161 nM per 104 cells, representing approximately 70% of WT activity. In the
eLH/CGR-AAA mutant, the EC50 value for the cAMP response was 35.2 ng/mL, nearly
two times lower than that of WT, and the Rmax values were similar to those of the LAL
and LLA mutants.

These findings suggest that the eLH/CGR-AAA mutant had the most substantial
impact on cAMP responsiveness. While the other mutants (eLH/CGR-LAL and LLA)
exhibited reduced Rmax values, they did not affect overall biological activity. The data
indicate that the trileucine motif does not independently regulate cAMP responsiveness,
but combined mutations within this motif significantly influence biological activity.
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stimulated by rec-eCG. CHO-K1 cells transiently transfected with eLH/CGRs were seeded in 384-well
plates (10,000 cells/well) 48 h post-transfection. The cells were stimulated with rec-eCG for 30 min at
room temperature. cAMP production was measured using a homogeneous time-resolved fluorescence
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Table 1. Bioactivity of equine LH/CGR mutants.

eLH/CG Receptors
cAMP Responses

Basal a (nM/104 cells) Log (EC50) (ng/mL) Rmax b (nM/104 Cells)

eLH/CGR-WT 1.2 ± 0.4 18.5 (15.4 to 13.1) c 233.9 ± 4.9

eLH/CGR-ALL 1.3 ± 0.9 4.6 ** (4.2 to 5.1) 236.1 ± 2.1

eLH/CGR-LAL 1.6 ± 1.1 14.3 (12.4 to 16.7) 164.4 ± 2.5 *

eLH/CGR-LLA 1.6 ± 1.7 19.7 (16.7 to 22.5) 161.9 ± 2.6 *

eLH/CGR-AAA 1.7 ± 1.3 35.2 ** (31.1 to 40.9) 154.3 ± 2.4 *
Values are the means ± standard error of the mean from triplicate experiments. The log (EC50) values were
determined from the concentration-response curves obtained from the in vitro bioassays. a Basal cAMP level
average without agonist treatment. b Rmax average cAMP level/104 cells. c Geometric means (95% confidence
limit) of at least three experiments. *, ** Values with different superscripts are significantly different (p < 0.05,
p < 0.01).

3.3. Loss of Cell-Surface Receptors After Agonist Treatment

We employed ELISA to evaluate the loss of eLH/CGR from the cell surface following
treatment with recombinant eCG (250 µg/mL). HEK 293 cells expressing WT and mutant
eLH/CGRs were preincubated with the agonist for 120 min, and the time-dependent
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reduction in cell surface receptors was analyzed (Figure 4, Table 2). In WT-expressing
cells, receptor loss reached approximately 89% within 5 min, decreasing further to 80% at
15 min and 72.7% after 2 h. The surface receptor loss in the eLH/CGR-ALL, LAL, and LLA
mutants followed a similar pattern to WT.
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Figure 4. Loss of cell surface expression of eLH/CGR-wt and mutants after agonist treatment. HEK
293 cells transiently transfected with eLH/CGR-wt or mutant plasmids were incubated with or
without 250 ng/mL rec-eCG for 120 min. Cell surface receptor expression was then measured and
expressed as a percentage of receptor loss compared to initial cell surface levels (set at 100%). Data
represents the percentage of receptor loss after agonist pretreatment.

Table 2. Rates of cell surface loss of receptors in transiently transfected cell lines expressing the
wild-type equine LH/CGR and mutants thereof.

eLH/CGR Cell Lines t1/2 (min) Plateau (% of Control)

eLH/CGR-WT 6.3 ± 0.2 * 74.9 ± 0.6

eLH/CGR-ALL 5.7 ± 0.1 * 81.2 ± 1.6

eLH/CGR-LAL 8.0 ± 0.3 * 77.5 ± 0.6

eLH/CGR-LLA 5.4 ± 0.2 * 71.1 ± 0.6

eLH/CGR-AAA 3.1 ± 0.1 ** 78.9 ± 0.3
The data were fitted to one-phase exponential decay curves to obtain the values of t1/2 and the plateau (i.e.,
maximum reduction). Data were obtained from three independent experiments. *, ** Values with different
superscripts are significantly different (p < 0.05).
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In contrast, the eLH/CGR-AAA mutant showed a slight increase in receptor loss,
reaching 82% within 5 min, but the loss remained consistent thereafter. The rate of receptor–
agonist complex loss from the cell surface was rapid in both WT and mutants, with t1/2
values ranging from 3.1 to 8.0 min (Table 2). For WT eLH/CGR, the t1/2 was 6.3 min, with a
maximum reduction of 72.7%. The t1/2 in the eLH/CGR-LAL mutant was slightly delayed,
at approximately 8.0 min, while the eLH/CGR-AAA mutant exhibited a notably shorter
t1/2 of 3.1 min. These results suggest that individual mutations in the tri-leucine motif
do not significantly impact receptor loss from the cell surface. However, the eLH/CGR-
AAA mutant accelerated the rate of receptor loss two-fold compared to WT, indicating
that receptor loss is not directly linked to cAMP responsiveness in the trileucine motif of
eLH/CGR.

3.4. pERK1/2 Activation in HEK 293 Cells

In HEK 293 cells transiently expressing WT and mutant eLH/CGRs, recombinant
eCG stimulated ERK phosphorylation in a time-dependent manner (Figure 5). In WT cells,
rec-eCG induced phospho-ERK1/2 activation within 5 min of agonist treatment, followed
by a gradual decline, with 45% of the maximum level remaining after 30 min. Rapid
phospho-ERK1/2 activation was also observed in all mutants at 5 min, followed by an
abrupt decrease. The phospho-ERK1/2 activity in the eLH/CGR-ALL and LAL mutants
dropped to approximately 20% and 40% of the maximum level, respectively, after 15 min of
agonist stimulation. No significant differences in phospho-ERK1/2 activity were detected
between WT, eLH/CGR-LLA, and eLH/CGR-AAA mutants. These results indicate that the
trileucine motif of eLH/CGR plays an independent role in phospho -ERK1/2 activation,
receptor surface loss, and PKA signal transduction.
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Figure 5. pERK1/2 activation in HEK-293 cells transfected with eLH/CGR-wt and mutants after
stimulation with rec-eCG. HEK-293 cells transiently expressing eLH/CGR-wt or mutants were
serum-starved for 4–6 h before stimulation with 250 ng/mL rec-eCG for the indicated time periods.
Whole cell lysates were analyzed for pERK1/2 and total ERK levels. (A,B) Western blot results for
phospho-ERK1/2 and total ERK. (C,D) Quantified phosphor-ERK1/2 levels, normalized to total
ERK, are expressed as a percentage of the maximal response (100% for eLH/CGR-wt at 5 min).
Densitometry was used to quantify the phospho-ERK1/2 band. Representative data are shown, and
graphs represent the mean ± SEM of three independent experiments.
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4. Discussion

Based on the findings of this study, we conclude that mutations in the trileucine
motif within the C-terminus of eLH/CGR do not significantly impact eCG-induced cAMP
responsiveness, receptor surface expression, or ERK phosphorylation. However, PKA
signaling and Rmax levels were notably decreased in the eLH/CGR-AAA mutant. These
results suggest that the conserved leucine motif independently influences downstream
signal transduction, though it is not essential for eCG-induced ERK phosphorylation.

As expected from these results, the trileucine mutations led to reduced receptor expres-
sion. Specifically, the eLH/CGR-AAA mutant showed a significant decrease in expression
according to ELISA analysis, while Western blot data revealed no notable difference, despite
the slightly lower expression. Thus, we propose that the trileucine motif in the C-terminus
of eLH/CGR does not significantly affect either cell surface expression or the processing
of the receptor as an intracellular precursor as shown in Western blot results. However,
ELISA’s results are taken to be more accurate than those of the Western blot. Nevertheless,
the motif may influence surface expression cooperatively. In previous studies on specific
receptor sites, we observed a 50% decrease in cell surface expression of active and inactive
LH/CGR mutants, indicating a conformational change [3]. These findings align with
previous reports showing that mutations in the dileucine motif (Leu-339 and Leu-340)
of the β2-adrenergic receptor had minimal effects on surface expression, ligand binding,
G protein coupling, or signaling in CHO and HEK-293 cells [31]. Additionally, studies
on rat LH/CGR showed that mutations in dileucine-based motifs inhibited internaliza-
tion, likely due to impaired binding [29]. We also confirmed that signaling activity in
the eLH/CGR-AAA mutant decreased two-fold, indicating that each trileucine residue
independently affects signal transduction, which increased cAMP responsiveness in the
eLH/CGR-ALL mutant.

Interestingly, our findings suggest a discrepancy in receptor internalization compared
to previous studies on rat LH/CGR [29] and the β2-adrenergic receptor [31], both of
which reported significant impairments in agonist-induced internalization in mutants. In
contrast, our data suggest that the trileucine motif in eLH/CGR does not affect receptor
internalization but rather influences the loss of cell surface receptors. Thus, the role of the
trileucine motif in eLH/CGR internalization requires further investigation. These leucine
motifs are located near accessible phosphorylation sites on adjacent serine/threonine
residues and palmitoylated cysteines, contributing to the structure of the receptor’s C-
terminal region. Although we did not analyze phosphorylation or palmitoylation directly,
previous studies have demonstrated that rat LH/CGR (C621-622) is palmitoylated, and
mutations in this region led to intracellular trapping of the receptor, as observed in the
δ-opioid receptor [32,33]. Therefore, it is plausible that the leucine motif is closely linked to
phosphorylation sites and palmitoylation.

Previous research has suggested that dileucine motifs bind to adaptor protein com-
plexes, such as AP1 and AP2, which are involved in GPCR internalization through clathrin-
mediated endocytosis, followed by lysosomal degradation or recycling back to the mem-
brane for sustained agonist stimulation [34,35]. β-arrestins function as receptor/clathrin
adaptors, binding to phosphoserine and phosphothreonine residues [36]. The phosphory-
lation-dependent conformation of the GPCR C-terminal region modulates arrestin binding,
thereby affecting arrestin-mediated signaling outcomes [37]. Thus, conformational changes
in serine and threonine residues in the GPCR C-terminal domain play a critical role in
downstream signaling pathways.

In this study, we found that the rate of receptor loss from the cell surface was not
affected by leucine motif mutations, but eLH/CGR-AAA mutants exhibited faster receptor
loss compared to eLH/CGR-wt. This suggests that the trileucine motif in eLH/CGR does
not directly regulate cell surface receptor loss. Notably, we also observed that receptor
loss occurred rapidly despite the complete impairment of the cAMP response [3]. As
highlighted in recent studies [38,39], this mechanism remains poorly understood. We
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hypothesize that the trileucine motif may be involved in a phosphorylation and β-arrestin-
dependent pathway contributing to eLH/CGR internalization.

ERK activation is critical for many GPCR-mediated physiological responses [19].
ERK1/2 phosphorylation involves the sequential activation of Raf1, MEK1, and ERK1/2
kinases [40]. LH-induced intracellular signaling triggers Gs-mediated activation of adeny-
lyl cyclase, resulting in cAMP production in a G protein-dependent manner [41]. This
ERK1/2-mediated signaling pathway has been observed in many GPCRs that interact with
β-arrestins, such as the β2-adrenergic receptor [16], u-opioid receptor [42], glucagon-like
peptide-1 receptor [14], and angiotensin II receptor [43]. In this study, we observed that
phospho-ERK1/2 levels in eLH/CGR-wt mice peaked at 5 min following agonist stim-
ulation. These results are consistent with previous studies on FSH- and hCG-induced
phospho-ERK1/2 activation, which showed a similar peak around 5–6 min [13,19]. The
eLH/CGR-ALL and LAL mutants showed similar levels of activation within 5 min, with
a decline by 30 min, while the eLH/CGR-LLA and eLH/CGR-AAA mutants did not
significantly affect phospho-ERK1/2 activation.

Our findings align with studies on hLH/CGR, where phospho-ERK1/2 activation was
relatively minor compared to cAMP, progesterone, and inositol phosphate signaling [44].
In contrast to many GPCRs, β-arrestin-mediated internalization of FSHR was not required
for ERK activation by FSH [18,19]. This suggests that the phospho-ERK1/2 response is
mediated by G proteins distinct from those involved in cAMP signaling. Our data indicate
that both cAMP and phospho-ERK1/2 responses may follow pleiotropic patterns, with
ERK activation occurring through a G protein-independent mechanism.

Recent studies on phospho-ERK1/2 activation have highlighted the role of G protein-
coupled receptor kinases (GRKs) and β-arrestins, with knockdown and knockout models
showing reduced ERK activation that was restored by reintroducing β-arrestin genes [18,20].
These results were observed in GPCRs such as the β2-adrenergic receptor, vasopressin
V2 receptor, and u-opioid receptor [20,42]. Future studies should focus on elucidating
the mechanism of phospho-ERK1/2 activation in β-arrestin 1 or 2 knockout models to
better understand LH/CGR signaling pathways. Based on our results, phospho-ERK1/2 in
eLH/CGR-wt cells was activated in a dose-dependent manner, similar to other GPCRs. The
trileucine motif in the C-terminus of eLH/CGR is not essential for cell surface expression,
receptor loss, or phospho-ERK1/2 activation.

The results clearly demonstrate that each leucine residue had no effect on the properties
of eLH/CGR including PKA signal transduction, loss of cell surface receptor, and phospho-
ERK1/2. eLH/CGR-AAA mutant, however, specifically influences on the cAMP signaling
including Rmax response. Nevertheless, we could not in a clear way suggest the correlation
between cAMP signaling and phospho-ERK1/2 in the presented study. Although this study
did not fully explore the relationship, the highly conserved regions, such as the trileucine
and palmitoylation motifs in the C-terminus of eLH/CGR, likely participate in specific
signaling pathways, such as receptor internalization. Therefore, the conserved regions in
C-terminal of LH/CGRs should be systematically identified to which signals are pathway.
We propose that the trileucine motif plays a role in downstream signaling, possibly through
cooperative interactions with other motifs.

In summary, phospho-ERK1/2 activation through LH/CGR-mediated signaling war-
rants further investigation to determine whether an alternative pathway involving down-
stream phosphorylation of MAPK pathway effectors exists.

5. Conclusions

Our study demonstrates that mutations in the trileucine motif of the C-terminus of
eLH/CGR do not result in significant reductions in cAMP response, surface expression,
receptor loss, or phospho-ERK1/2 activation. However, the cAMP signaling (EC50 value)
in the eLH/CGR-AAA mutant decreased by two-fold, and the maximal responsiveness
was 34% lower than in eLH/CGR-wt. Similar phospho-ERK1/2 activation patterns were
observed across all mutants, with a sharp peak at 5 min followed by a rapid decline.
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The phospho-ERK1/2 levels did not differ significantly between the eLH/CGR-wt and
eLH/CGR-AAA mutants. These findings suggest that there is no direct correlation be-
tween cAMP response and phospho-ERK1/2 activation. Further research on glycoprotein
hormone receptors is needed to elucidate the mechanisms underlying agonist-receptor
complex-mediated downstream signaling.
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