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Abstract: The signal transduction of the equine lutropin/choriogonadotropin receptor (eLH/CGR)
is unclear in naturally occurring activating/inactivating mutants of this receptor, which plays an
important role in reproductive physiology. We undertook the present study to determine whether
conserved structurally related mutations in eLH/CGR exhibit similar mechanisms of signal transduc-
tion. We constructed four constitutively activating mutants (M398T, L457R, D564G, and D578Y) and
three inactivating mutants (D405N, R464H, and Y546F); measured cyclic adenosine monophosphate
(cAMP) accumulation via homogeneous time-resolved fluorescence assays in Chinese hamster ovary
cells; and investigated cell-surface receptor loss using an enzyme-linked immunosorbent assay in
human embryonic kidney 293 cells. The eLH/CGR-L457R-, -D564G-, and -D578Y-expressing cells
exhibited 16.9-, 16.4-, and 11.2-fold increases in basal cAMP response, respectively. The eLH/CGR-
D405N- and R464H-expressing cells presented a completely impaired signal transduction, whereas
the Y546F-expressing cells exhibited a small increase in cAMP response. The cell-surface receptor
loss was 1.4- to 2.4-fold greater in the activating-mutant-expressing cells than in wild-type eLH/CGR-
expressing cells, but was completely impaired in the D405N- and Y546F-expressing cells, despite
treatment with a high concentration of agonist. In summary, the state of activation of eLH/CGR influ-
enced agonist-induced cell-surface receptor loss, which was directly related to the signal transduction
of constitutively activating mutants.

Keywords: eLH/CGR; constitutively activating mutation; inactivating mutation; cAMP response;
cell-surface loss of receptor

1. Introduction

The receptor of the pituitary and placental gonadotropin in species expressing placen-
tal chorionic gonadotropin (CG) during early pregnancy plays a critical role in reproductive
physiology. Equine CG (eCG), a unique member of the gonadotropin family, displays both
luteinizing hormone (LH)-like and follicle-stimulating hormone (FSH)-like activities in
non-equid species [1,2]. However, eCG, secreted from endometrial cups during early
pregnancy, exhibits only LH-like activity in equine species [3]. The β-subunits of eCG and
eLH are encoded as one gene, whereas their expression differs in the placenta and pituitary
gland. Additionally, rec-eCG exhibits dual activities of LH and FSH in other species [1,3].
Thus, both of them bind to the same receptor: the lutropin/choriogonadotropin receptor
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(LH/CGR). LHR and FSHR, termed gonadotropin receptors, belong to a family of seven
transmembrane G protein-coupled receptors (GPCR) whose primary function is the media-
tion of the signal pathway by LH, CG, and FSH in the gonads [4]. The genes that encode
GPCRs form one of the largest gene families [5]. eLH/CGR belongs to a subgroup of gly-
coprotein hormone receptors within the GPCR family, and possesses a large extracellular
domain [6–8].

The gonadotropin receptors of mammals (human, rat, and equine) and fish (eel) are
highly homologous, with the highest level of amino acid conservation within the trans-
membrane helices [4,9,10]. The agonist–receptor complex is internalized by a dynamin-
dependent pathway and moved to the endosome compartment without agonist disso-
ciation [11]. The receptor-mediated signaling displays two important processes: cAMP
production by adenylyl cyclase and agonist-induced down-regulation of the cell-surface
receptors for regulating cellular responsiveness [12]. In the past several years, point muta-
tions of human LHR (hLHR) and rat LHR (rLHR) have been reported to exhibit constitutive
activation and impair signal transduction [11,13]. Specifically, the LHR gene has been asso-
ciated with an abundance of naturally occurring mutations related to reproductive failure
in mammals [8,14].

In humans, hLHR-M398T, hLHR-L457R, hLHR-D564G, and hLHR-D578Y or hLHR-
D578G mutants, known as naturally occurring mutations, have been reported to display
constitutive activation, leading to an increase in the basal cAMP response without agonist
treatment [14–16]. In rats, rLHR-L435R (equivalent to L457R in eLH/CGR) and rLHR-
D556Y or rLHR-D556G mutants (equivalent to D578Y in eLH/CGR) induced constitutive
activation of rLHRs, showing a considerable increase in cAMP levels in cells incubated
without hormones [11]. The inactivating mutants rLHR-D383N (equivalent to D405N
in eLH/CGR), rLHR-R442H (equivalent to R464H in eLH/CGR), and Y524F mutants
(equivalent to Y546F in eLH/CGR) have been reported to impair signal transduction
under treatment with high concentrations of agonist [11,17], decreasing the rate of ligand
internalization, while activating mutants enhanced the rate of hormone internalization.

In recent years, GPCR signal transduction has been studied in detail with respect
to cell-surface receptor loss, constitutive internalization, constitutive endocytosis, recy-
cling, and β−arrestin-dependent internalization [18–22]. Many studies have elucidated
several features of the post-endocytotic trafficking of LHR and FSHR [23,24]. Recently, we
identified several characteristics of signal transduction of the recombinant eCG through
eLH/CGR—the function of constitutively activating eFSHR mutants, eel LHR and eel
FSHR—demonstrating that activating mutants produces a considerable increase in the
basal cAMP response [9,10,25,26]. Although various agonists have been reported to induce
the signal transduction of glycoprotein hormone [17,27,28], and several studies have been
reported on dual biological activities and glycosylation site roles for rec-eCG, there are few
reports on the characterization and function of cellular signal transduction of eLH/CGR
in naturally occurring activating/inactivating mutants. We designed the present study to
investigate the possibility that the activating signal transduction of eLH/CGRs is necessary
for the loss of cell-surface receptors in the presence of mutations in amino acid residues
that are highly conserved among GPCRs and that have been previously reported to ac-
tivate/inactivate GPCRs. We hypothesized that mutations of eLH/CGR that render it
constitutively active enhance the cell-surface loss of the receptor.

In the present study, we aimed to delineate the mechanism of cell-surface receptor loss
by evaluating the effect of single point mutations of seven distinct amino acid residues that
are highly conserved among glycoprotein hormone receptors including LHR, FSHR, and
TSHR. These mutations, which stimulate basal cAMP responsiveness and/or attenuate
agonist-induced activation of the receptor, were four constitutively activating eLH/CGR
mutations (M398T, L457R, D564G, and D578Y) and three inactivating mutations (D405N,
R464H, and Y546F). Our study revealed a marked constitutive basal cAMP response and
rapid cell-surface receptor loss in cells expressing the activating eLH/CGR mutants.
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2. Results
2.1. Preparation and Cell-Surface Expression of Wild-Type eLH/CGR and the Mutant Receptors

To determine how eLH/CGR affects hormone-receptor interaction, we generated
four constitutively activating mutations of eLH/CGR in the II, III, and VI transmembrane
helices of eLH/CGR (M398T, L457R, and D578Y) and intracellular domain three (D560G).
We additionally constructed three inactivating mutations: D405N and Y546F in the II and
V transmembrane helices, and R464H in the extracellular domain II (Figure 1).

Figure 1. Schematic representation of the structure of eLH/CGR. The locations of the constitutive
activating mutations (M398T, L457R, D564G, and D578Y) and the three inactivating mutations
(D405N, R464H, and Y546F) are indicated. The red circle indicates the constitutively activating
mutations, and the green circles indicate inactivating mutations. EC, extracellular domain; TM,
transmembrane domain; IC, intracellular domain.

The surface expression of eLH/CGR mutants was determined via an enzyme-linked
immunosorbent assay (ELISA) in transiently transfected Chinese hamster ovary (CHO)-
K1 cells (Figure 2). The expression level of wild-type eLH/CGR was considered to be
100%, and that of L457R, D564G, and D578Y were approximately 31.2%, 60.6%, and 47.9%,
respectively. In contrast, the expression level of the M398T mutant was the lowest, at 4.7%,
relative to that of the wild-type receptor. In the inactivating mutants, the expression levels
for D405N and Y546F were 80.2% and 90.1%, respectively. However, the expression of the
R464H mutant was nearly 3.8%, similar to that of M398T, which was an activating mutant.
However, several differences were unexpectedly detected on the cell-surface expression.
We subsequently determined the cAMP response and cell-surface receptor loss induced by
agonist treatment.
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Figure 2. Cell-surface expression of eLH/CG receptors in transiently transfected HEK-293 cells.
An enzyme-linked immunosorbent assay (ELISA) was used to determine the surface expression
levels of the wild-type receptor and the indicated mutants of eLH/CGR. Data are presented as the
means ± SEM of three independent experiments, and were normalized to the data for the wild-
type. Cell-surface expression in the wild-type was considered as 100% (see Methods and Materials).
* Statistically significant differences in cell-surface receptor expression (p < 0.05) compared to the
expression of the wild-type receptor.

2.2. cAMP Responsiveness Induced by Agonist in Activating Mutants and Inactivating Mutants

The effects of activating mutations on the basal and eCG-stimulated cAMP respon-
siveness are summarized in Figure 3 and Table 1. The basal and Rmax cAMP responses
in the wild-type receptor were 1.5 and 85.3 nM/104 cells, respectively. cAMP production
increased in a dose-dependent manner. The half maximal effective concentration (EC50)
value of the eCG-stimulated cAMP response was approximately 44.2 ng/mL. The activat-
ing mutants (L457R, D564G, and D578Y) induced constitutive activation of eLH/CGR,
as illustrated by 16.9-, 16.4-, and 11.2-fold increases in the basal cAMP response without
agonist treatment; however, the M398T mutant was not induced.

Table 1. Bioactivity of eLH/CG receptors in cells expressing activating receptor mutants.

eLH/CG Receptors
cAMP Responses

Basal a

(nmol/10 4 Cells) EC50(ng/mL) Rmax b

(nmol/104 Cells)

eLH/CGR-wt 1.5 ± 0.2
(1.0-fold)

44.2
(38.1 to 52.7) c

85.3 ± 2.5
(100%)

eLH/CGR-M398T 2.1 ± 0.3
(1.4-fold)

19.8
(16.9 to 24.0)

54.5 ± 1.9
(64%)

eLH/CGR-L457R 25.4 ± 1.5
(16.9-fold)

24.4
(18.7 to 34.8)

40.2 ± 1.1
(47%)

eLH/CGR-D564G 24.7 ± 0.6
(16.4-fold)

58.3
(51.3 to 67.5)

90.8 ± 3.1
(106%)

eLH/CGR-D578Y 16.9 ± 0.8
(11.2-fold)

47.9
(40.5 to 58.8)

99.6 ± 4.5
(117%)

Values are the means ± SEM of triplicate experiments. The half maximal effective concentration (EC50) values
were determined from the concentration-response curves from in vitro bioassays. The cAMP responses of the
basal and EC50 in eLH/CGR wild-type were shown as onefold. Rmax response in eLH/CGR wild-type was also
shown as 100%. a Basal cAMP level average without agonist treatment. b Rmax average cAMP level/104 cells.
c Geometric mean (95% confidence limit).

This elevated basal response of cAMP in the L457R mutant corresponds to approxi-
mately 30% of the maximal response detected in wild-type eLH/CGR cells; however, it
was 63% of the maximal response observed with the L457R mutants. eLH/CGR-L457R do
not show any increase in eCG-stimulated cAMP responses over that already produced as a
result of constitutive activity (Figure 3). The L457R mutant was specifically unresponsive
to treatment with a high concentration of agonist. However, the other mutants (M398T,
D564G, and D578Y) cause an increase in eCG-stimulated cAMP production above those
levels synthesized as a result of constitutive activity. The cAMP production for the M398T
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mutant upon treatment with a high concentration of agonist was slightly below that in
cells expressing wild-type eLH/CGR. The D564G and D578Y mutants induced constitutive
activation of the eLH/CGR, as illustrated by a considerable increase in basal cAMP level
in cells incubated without the eCG agonist. This elevated basal cAMP production corre-
sponds to only 17–27 % of the maximal response. Nevertheless, both mutants responded
to eCG with a robust increase in cAMP accumulation, which correlated with the result for
wild-type eLH/CGR.

Figure 3. Total cAMP levels stimulated by recombinant eCG (rec-eCG) in CHO-K1 cells transfected
with constitutively activating eLH/CGR mutants. CHO-K1 cells transiently transfected with wild-
type eLH/CGR and mutants (M398T, L457R, D564G, and D578Y) were stimulated with rec-eCG in a
medium containing 0.5 mM 3-isobutyl-1-methyl xanthine for 30 min. Levels of cAMP production
were determined by homogeneous time-resolved fluorescence (HTRF). The cAMP accumulation
was calculated as Delta F%. The cAMP concentration was recalculated and presented using the
GraphPad Prism software. The results for the mock-transfected cells were subtracted from each data
set. A representative data set was obtained from three independent experiments. The blank circles
represent the corresponding curves for the wild-type receptor. Total cAMP was then measured in
triplicate wells, as described in the Materials and Methods section. The figure depicts the results of
the representative experiment performed with the indicated mutants. The lines are nonlinear least
square fits of the experimental data.

The eCG/LHRs with the inactivating mutations—D405N, R464H, and Y546F—were
evaluated by quantifying cAMP accumulation in cells incubated with increasing concen-
trations of eCG. The basal cAMP response was not affected by the inactivating mutation
(Figure 4 and Table 2). As predicted, signaling was completely impaired in these mutant
receptors (D405N, R464H, and Y546F). The Y546F mutant showed a small increase under
stimulation with a high concentration of eCG; however, the maximal response to eCG was
only 26% of the corresponding values in the wild-type eCG/CGR (Table 2). The basal
and maximal cAMP responses with eCG agonist treatment were subjected to comparative
analysis (Figure 5). We observed a specific increase in basal cAMP production by the cells
expressing L457R and D564G mutants (Figure 5). However, the L457R mutant displayed
the lowest maximal response (47%) among the activating mutants compared to wild-type
eLH/CGR. In contrast, the maximal cAMP response for the D564G and D578Y mutants
was approximately 106% and 117%, respectively, of that of wild-type eLH/CGR (Figure 5).
In agreement with our previous studies on the equivalent mutation of rLHR and eel LHR,
the inactivating mutants completely impaired the maximal cAMP response; they presented
4–26 % of the maximal response of the wild-type receptor (Figure 5).
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Figure 4. cAMP production stimulated by recombinant eCG (rec-eCG) treatment in CHO-K1 cells transfected with the
inactivating eLH/CGR mutants. CHO-K1 cells transiently transfected with wild-type eLH/CGR and inactivating eLH/CGR
mutants (D405N, R464H, and Y546F) were stimulated with rec-eCG for 30 min. Total cAMP accumulation was determined
using homogeneous time-resolved fluorescence (HTRF). The empty circles denote wild-type eLH/CGR, and the black
circles denote the mutants. The data were subtracted from the results of the mock-transfected cells. Representative data was
obtained from three independent experiments.

Table 2. Bioactivity of eLH/CG receptors in cells expressing inactivating receptor mutants.

eLH/CG Receptors
cAMP Responses

Basal a

(nmol/104 Cells)
EC50

(ng/mL)
Rmax b

(nmol/104 Cells)

eLH/CGR-wt 0.5 ± 0.1 30.3
(26.3 to 35.8) c

85.1 ± 3.5
(100%)

eLH/CGR-D405N 0.2 ± 0.1 134.9
(115.4 to 162.5)

10.8 ± 0.9
(13%)

eLH/CGR-R464H 1.9 ± 0.5 913.7
(662.4 to 1473)

3.4 ± 0.2
(4%)

eLH/CGR-Y546F 1.2 ± 0.3 95.9
(84.5 to 110.6)

22.3 ± 1.9
(26%)

The data are from three individual experiments. The half maximal effective concentration (EC50) values were
determined from the concentration-response curves from in vitro bioassays. Rmax cAMP response of eLH/CGR
wild-type was shown as onefold. a Basal cAMP level average without agonist treatment. b Rmax average cAMP
level/104 cells. c Geometric mean (95% confidence limit).

Figure 5. The results of basal cAMP responsiveness in activating mutants and Rmax level in activating/inactivating
mutants. The basal and maximal AMP responses presented in Figures 3 and 4 are displayed using a bar graph. * Statistically
significant differences (p < 0.05) when compared with the wild-type receptor. A representative data set performed in
triplicate out of two independent experiments. * Statistically significant differences in basal cAMP response and Rmax
cAMP response (p < 0.05) compared to the expression of the wild-type receptor.
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The difference in basal cAMP response and EC50 values for the wild-type receptors in
Tables 1 and 2 was attributed to the fact that the experiments were performed separately.

2.3. Cell-Surface Receptor Loss Induced by Treatment with the eCG Agonist

Next, to accurately analyze the rate of the cell-surface loss of receptors, we performed
experiments in which the cell-surface loss of the receptor was measured in a time-dependent
manner in the continuous presence of eCG. The results for the four activating and three
inactivating mutants are shown in Figures 6 and 7.

Figure 6. Time-dependent cell-surface loss in the wild-type eLH/CGR and activating eLH/CGR mutants. HEK-293 cells
transiently expressing wild-type eLH/CGR or activating receptors (M398T, L457R, D564G, and D578Y) were incubated
with 1000 ng/mL recombinant eCG (rec-eCG) for up to 240 min. Cell-surface expression in the non-pretreated groups was
considered as 100% (see Materials and Methods for details). The loss of each receptor was determined using the GraphPad
Prism software. The results are expressed as the means ± SE of three independent experiments. In this figure, the mean
data are fitted to the one-phase exponential decay equation. The empty circles represent the corresponding curves for the
wild-type receptor.

Cell-surface expression in the wild-type eLH/CGR cells gradually decreased until it
reached approximately 69% of the pre-treatment value at 15 min. Subsequently, the value
was consistent until 240 min to the end point. Cells expressing the eLH/CGR-M398T and
eLH/CG-L457R mutants exhibit faster rates than cells expressing wild-type eLH/CGR,
demonstrating that the cell-surface loss of receptors reached 50% and 64%, respectively, at
15 min. In cells harboring the D564G activating mutation, the loss of cell-surface receptors
rapidly decreased to 49% in the first 15 min, and subsequently remained between 32%
and 38% for 240 min. The D564G mutant exhibited the most rapid decrease in cell-surface
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receptor loss among the activating mutants. Additionally, the cell-surface receptor loss
was considerably similar between cells expressing the D578Y mutant (52%) and those
expressing D564G. The cell-surface loss of the receptor for all activating mutants was faster
than for wild-type eLH/CGR. The surface loss of the receptor was not observed in the
cells expressing the inactivating mutants (D405N and Y546F) and was considerably slower
in the cells expressing the R464H mutant than in those expressing the wild-type receptor
(Figure 7).

Loss of the expression of cell-surface receptors at 30 min (Figure 8) decreased consid-
erably in the wild-type eLH/CGR (39%) compared with that in control cells pre-incubated
in the absence of the eCG agonist (considered as 0% of loss of surface receptor). In cells
harboring the M398T and L457R mutants, the loss was slightly increased (47% and 43%)
compared to that observed for the wild-type receptor. Additionally, the D564G and D578Y
mutants presented a higher increase in the cell-surface loss (62% and 55%, respectively)
than wild-type eLH/CGR.

Figure 7. Time-dependent cell-surface loss in the wild-type eLH/CGR and inactivating eLH/CGR mutants. HEK-293
cells transiently expressing wild-type eLH/CGR or inactivating receptors (D405N, R464H, and Y548F) were incubated
with 1000 ng/mL recombinant eCG (rec-eCG) for up to 240 min. Cell-surface expression in the non-pretreated groups was
considered as 100% (see Materials and Methods for details). The loss of each receptor was determined using the GraphPad
Prism software. The results are expressed as the means ± SE of three independent experiments. In this figure, the mean
data are fitted to the one-phase exponential decay equation. The empty circles represent the corresponding curves for the
wild-type receptor.
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Figure 8. Cell-surface loss of wild-type eLH/CGR and activating/inactivating mutants. Each mutant plasmid was
transiently transfected into the HEK-293 cells. The cells were incubated with or without 1000 ng/mL recombinant eCG
(rec-eCG) for 30 min. Subsequently, the cell-surface expression of the receptors was determined. The results are expressed
as percentages of the cell-surface loss of the receptor. Cell-surface losses of the wild-type and mutant eLH/CGRs were
calculated by comparing the levels in the presence of rec-eCG to the levels in the absence of agonist treatment (considered
as 0% cell-surface loss). The results are expressed as the means ± SE of three independent experiments. * Statistically
significant differences in the cell-surface loss of the receptor (p < 0.05) compared to the cell-surface of the wild-type receptor.

The rate of formation of the agonist–receptor complexes induced by the constitu-
tively activating and inactivating mutants of eLH/CGR described above are presented
in Tables 3 and 4. The rates of loss of cell-surface agonist–receptor complexes in both
the wild-type and activating-mutant were very rapid (3.2~7.6 min; Table 3). Specifically,
the L457R mutant exhibited the most rapid rates (3.2 min) of cell-surface loss of the re-
ceptor among the activating mutants, despite the absence of a further increase in cAMP
response induced by treatment with a high concentration of eCG agonist. These data
clearly show that the three inactivating mutations—eLH/CGR-D405N, eLH/CGR-R464H,
and eLH/CGR-Y546F—significantly reduced the rate of cell-surface loss of the receptor,
whereas the activating mutations evaluated in the present study enhanced the rate of
cell-surface loss of eLH/CGR. Thus, the loss of cell-surface receptors is consistent with the
cAMP responsiveness induced by treatment with the eCG agonist.

For cells expressing wild-type receptors, the values of t1/2 and maximum reduction pre-
sented in Tables 3 and 4 were different because the experiments were conducted independently.

Table 3. Rates of cell-surface loss of receptors in transient transfected cell lines expressing the
wild-type eLH/CGR and mutants thereof.

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

eLH/CGR-WT
eLH/CGR-M398T
eLH/CGR-L457R
eLH/CGR-D564G
eLH/CGR-D578Y

7.6 ± 0.6 (n = 8)
3.4 ± 0.2 (n = 4)
3.2 ± 0.1 (n = 6)
5.1 ± 0.3 (n = 5)
5.3 ± 0.4 (n = 4)

56.2 ± 3.1
57.7 ± 3.8
61.1 ± 3.2
32.1 ± 1.9
42.7 ± 2.9

Data were fitted to one phase exponential decay curves to obtain values of t1/2 and plateau (i.e., maximum
reduction). The data were collected from three individual experiments. Each value represents the mean ± SEM of
the values from the indicated number of experiments.
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Table 4. Rates of cell-surface loss of receptors in transient transfected cell lines expressing the
wild-type eLH/CGR and mutants thereof.

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

eLH/CGR-WT
eLH/CGR-D405N
eLH/CGR-R464H
eLH/CGR-Y546F

5.3 ± 0.3 (n = 6)
-a (n = 3)

35.6 ± 2.1 (n = 4)
- (n = 3)

65.6 ± 2.7
-

68.7 ± 4.5
-

Data were fitted to one phase exponential decay curves to obtain values of t1/2 and plateau (i.e., maximum
reduction). The data were collected from three individual experiments. Each value represents the mean ± SEM of
values from the indicated number of experiments. a nondetectable.

3. Discussion

The present study showed that the four mutations—eLH/CGR-M398T, L457R, D564G,
and D578Y—resulted in a distinctly increased cAMP response without agonist treat-
ment, suggesting that these mutations might produce constitutively activating mutants of
eLH/CGRs. Our previous observations have suggested that the same active conformations
of rLHR [11], eel FSHR [10], and eFSHR [25] are involved in the stimulation of G proteins
and loss of the cell-surface receptor in ligand–receptor complexes.

In the present study, the M398T mutant exhibited a 1.4-fold increase in basal cAMP
response, consistent with the suggestion that the hLHR mutant exhibited a 3.5-fold increase
in basal cAMP response in COS-7 cells [14] and a similar increase in HEK 293 cells [4].
However, another study demonstrated a dramatic increase in basal cAMP response of
25-fold in HEK 293 cells [7]. Thus, we suggest that the eLH/CGR-M398T mutant displays
a constitutive activation of cAMP response without agonist treatment, and the basal
cAMP response differs from that in the cells expressing those mutants, despite the small
increase observed in this study. In agreement with previous studies on the equivalent
mutation of the hLHR and rLHR [11,29,30], our results showed that the eLH/CGR-D540G
and eLH/CGR-D578Y mutations induce a marked increase in cAMP production without
agonist treatment. Compared to the wild-type eLH/CGR, the two mutants resulted in a
16.4- and 11.2-fold increase in basal cAMP production in CHO-K1 cells, indicating that
such mutants are constitutively activating, as previously reported for other mammalian
hLHR [13,30], and rLHR [11,31]. The maximal responses of these two mutants exhibit
a 6–17% increase, relative to the cAMP level detected in cells expressing the wild-type
eLH/CGR. A previous study on transgenic rat LHR-D556H (equivalent to D578Y in
eLH/CGR) under control of the inhibin α−subunit promoter demonstrated that the level
of constitutive activity was similar to the results obtained in vitro [6].

In the activation model, the eLH/CGR-L457R mutant exhibited the highest increase
in basal cAMP response. However, eLH/CGR-L457R did not further increase cAMP ac-
cumulation. These results are consistent with data from the previous studies, indicating
that hLHR-L457R [4,12,15,32,33], rLHR-L435R [11], and hFSHR-L469R [34] are constitu-
tively activating with respect to the basal cAMP response without agonist treatment. As
shown in this study, the basal cAMP response of the L457R mutant dramatically increased,
whereas the maximal cAMP response corresponded to approximately 47% of that detected
in cells expressing wild-type eLH/CGR (Figure 3 and Table 1). This lack of hormonal
responsiveness has not been reported because of an impairment in maintaining the same
hormonal binding affinity as the wild-type hLHR [35]. The L457R mutation is an un-
usual activating mutant of LHR, displaying particularly strong constitutive activity, but no
further stimulation of Gs with high concentrations of ligand. Thus, we suggest that the
eLH/CGR-L457R mutant is a significant model for determining the cellular mechanisms of
eLH/CGR activation with/without high agonist treatment.

As predicted from the results described above, the mutations investigated in the
present study (eLH/CGR-D405N, eLH/CGR-R464H, and eLH/CGR-Y546F) completely
impair signal transduction. Thus, our results are consistent with previously reported signal-
transduction studies on inactivating mutants in hLHR [17] and rLH [11]. Two inactivating
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mutants (D405N and Y546F) exhibit full cell-surface expression, but not loss of the cell-
surface receptor by further agonist treatment. Conformational changes in the mutated
receptors could explain why the inactivating mutants did not produce cAMP responses
and impair the loss of the cell-surface receptor despite prolonged agonist stimulation.

According to the present results, the rates of cell-surface loss of the receptor in all
activating mutants (3.2~5.3 min) were faster than that observed in cells expressing the
wild-type receptor (7.6 min), clearly indicating important correlations between basal cAMP
response and cell-surface receptor loss, except for the M398T mutant. The t1/2 value in two
mutants (M398T and L457R) indicated faster cell-surface receptor loss than that in the other
mutants (D564G and D578Y). Specifically, the M398T mutant did not exhibit any increase
in the basal cAMP response; however, the t1/2 value for this mutant indicated a 2.2-fold
faster loss of the cell-surface receptor compared to those of the wild-type receptor. Thus,
these differences between basal cAMP response and the cell-surface loss of receptors need
to be clearly demonstrated.

However, the loss of the cell-surface receptor for the D564G and D578Y mutants at
30 min was higher than that for M398T and L457R. Thus, we suggest that, when induced
by agonist treatment, the two groups do not present a conformation equivalent to that of
eLH/CGRs. Our results were consistent with previous data reported by our colleagues
and our equivalent studies on rLHR, eel LHR, and hLHR, which demonstrated that four
signal-activating mutants—eLH/CGR-M398T, eLH/CGR-L457R, eLH/CGR-D564G, and
eLH/CGR-D578Y—enhanced the cell-surface loss of the receptor [10] and increased the rate
of internalization of the bound hCG [11]. We suggest that the loss of the cell-surface receptor
is necessary for signal transduction, suggesting that inactivating mutants completely impair
cAMP response and the loss of the cell-surface receptor.

Many GPCRs are internalized into endosomes via a clathrin-dependent pathway and
partly degraded in lysosomes or recycled to the cell membrane for prolonged agonist stimu-
lation [36–38]. In the present study, the t1/2 rate indicated slightly faster cell-surface receptor
loss in cells expressing the L457R mutant than in cells expressing the wild-type receptor,
whereas the rate of loss in the former was slower than for wild-type eLH/CGR, D564G, and
D578Y after 30 min. A possible explanation for these results is that both wild-type hLHR
and the hLHR-L457R mutant are trafficked through different endosomal compartments,
indicating that the hCG/hLHR-wt complex could follow a fast-recycling pathway from the
early endosomes, whereas the hCG/hLHR-L457R could follow a slower recycling pathway
involving either the recycling and/or the late endosomes. Thus, the L457R mutant is not
routed to the lysosomes; most of it is recycled to the cell surface, and hormonal degradation
is barely detectable [12]. The study of both hLHR-L457R and hFSHR-L460R have demon-
strated that the increase in basal activities is highly similar between the two, and is observed
for the strongest constitutively activating mutants; any differences may be attributed to
differences in the shape and electrostatic features of the solvent-exposed cytosolic receptor
domains involved in the receptor-G protein interface [4]. Our results indicated that the
rates of internalization in the activating receptors (rLHR-L435R and rLHR-D556Y) were 17-
and 2.6-fold faster than that observed in the agonist-occupied wild-type rLHR [11], and
the inactivating mutants (rLHR-D383N, rLHR-R442H, and rLHR-Y524F) exhibited slower
internalization, the half-life of the internalization process, exhibiting approximately 4-, 2-,
and 1.9-fold increases following treatment with the agonist [11,17].

Therefore, we suggest that the rate of internalization and the cell-surface loss of the
receptor of the constitutively activating mutant are strongly correlated, similar to that for
the agonist-occupied wild-type eLH/CGR, whereas the inactivating mutants—D405N,
R464H, and Y546F—completely impaired the cAMP response and the loss of the cell-surface
receptor. Although the mechanism of the L457R mutant is not well understood, we suggest
that the hormone-independent activity of eLH/CGR-L457R may include the formation
of structural links between the transmembrane helices [15]. The cell-surface loss of the
receptor, internalization, and the trafficking of new receptors to the cell membrane could
not significantly affect the level of cell-surface receptor expression (Figure 2). β-arrestin,
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ubiquitously expressed intracellular regulators of the GPCR trafficking, pathway plays
a key role in the down-regulation of the GPCR and its internalization. G protein and
β-arrestin signaling mediate distinct physiological effects [38,39]. However, β-arrestin
activation by eLH/CGR has not been well studied. Research is currently underway to
clarify our theory on GPCR internalization, degradation, and recycling. Recently, biased
allosteric modulators and regulators of other GPCR have been reported [36,37,40]. In the
present study, the mutants located in the transmembrane domain, and between intracellular
loops and the transmembrane domain, demonstrated that eLH/CGRs may be involved in
interactions with different types of G-proteins. However, further molecular studies will be
required for elucidating the functional interactions of the eLH/CGR–eCG complex in cells
expressing constitutive activating and inactivating mutants.

4. Materials and Methods
4.1. Materials

The cloning vector (pGEM-T easy) was purchased from Promega (Madison, WI, USA).
The pcDNA3 expression vector, FreeStyle CHO-suspension (CHO-S) cells, FreeStyle™
MAX reagent, and Lipofectamine-3000 were provided by Invitrogen (Carlsbad, CA, USA).
The pCORON1000 SP VSV-G tag expression vector was purchased from Amersham Bio-
sciences (Piscataway, NU, USA). OptiMEM medium, Ham’s F-12 medium, and serum-free
CHO-S-SFM II were purchased from Gibco BRL (Grand Island, NY, USA). Restriction
enzymes, polymerase chain reaction (PCR) reagents, and DNA ligation kit were pur-
chased from Takara (Shiga, Japan). The primary rabbit anti-VSVG antibody and secondary
HRP-conjugated anti-rabbit antibody were obtained from Abcam (Burlingame, CA, USA).
SuperSignal enzyme-linked immunosorbent assay (ELISA) Femto Maximum substrate
was obtained from Thermo Fisher Scientific (Waltham, MA, USA). CHO-K1 and HEK 293
cells were obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea). The cAMP
Dynamic 2 competitive immunoassay kit was purchased from Cisbio (Codolet, France).
The QIAprep-spin plasmid kit was purchased from Qiagen Inc. (Hilden, Germany). The
glass spinner flasks and disposable flasks were provided by Corning Inc. (Corning, NY,
USA). The PMSG ELISA kit was purchased from DRG International Inc. (Mountainside,
NJ, USA). All other reagents used were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Wako Pure Chemicals (Osaka, Japan).

4.2. Site-Directed Mutagenesis and Vector Construction

To construct point mutations, we introduced the cDNA, encoding the full-length
eLH/CGR using an overlap extension PCR strategy to create activating and inactivating
mutants, as previously described [10]. Two different sets of PCRs were performed, and the
primer sequences used in these experiments are shown in Table 5. The full-length PCR
products were cloned into a pGEM-T easy vector, and the sequence of the entire region
of each mutant generated by PCR was confirmed by DNA sequencing. We comparatively
analyzed the conserved sequencing regions of the glycoprotein hormone receptors in
mammalian, and selected the naturally occurring mutation sites in the transmembrane
regions (II, III, V, and VI) and intracellular regions (II and III). Figure 1 presents a schematic
representation of the naturally occurring mutation sites for four activating mutations
(M398T, L457R, D564G, and D578Y) and three inactivating mutations (D405N, R464H, and
Y546F) of eLH/CGR in the present study.
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Table 5. List of primers used to construct eLH/CGR mutants.

Primer Name Primer Sequence

1 eLH/CGR-wt
forward

5′-ATGAATTCATGGGGAGAAGGTCACTAGCACTAC-3′

EcoRI site

2 eLH/CGR-wt reverse 5′-CCTCGAGTTAACACTCTGTATAGCAAGTCTT-3′

XhoI site
3 M398T forward 5′-CTAACAGTGCCCCGTTTTCTCACGTGCAATC-3′

4 M398T reverse 5′-GATTGTCACGGGGCAAAAGAGTGCACGTTAG-3′

5 L457R forward 5′-CTGCTACACCCGCACAGTCATCACACTAG-3′

6 L457R reverse 5′-GACAGATGTGGGCGTGTCAGTAGTGTGATC-3′

7 D564G forward 5′-CTTAGCAATCTTTGTGCCTTTGTTGGTAGC-3′

8 D564G reverse 5′-GCTACCAACAAAGGCACAAAGATTGCTAAG-3′

9
10
11

D578Y forward
D578Y reverse

D405N forward

5′-CCTCATCTTCACCTATTTCACCTGCATGGCACC-3′

5′-CCATGCAGGTGAAATAGGTGAAGATGAGGACTGC-3′

5′-CTCTCTTTTGCAAACTTTTGCATGGGGCTCTATC-3′

12 D405N reverse 5′-GCCCCATGCAAAAGTTTGCAAAAGAGAGATTGCA-3′

13 R464H forward 5′-CACACTAGAACACTGGCACACCATCACCTATG-3′

14 R464H reverse 5′-GATGGTGTGCCAGTGTTCTAGTGTGATGACTGTG-3′

15 Y546F forward 5′-GTGCTTGCTTCATTAAAATTTATTTTGCAG-3′

16 Y546F reverse 5′-TTAATGAAGCAAGCACAAATGATGAAGAAGGC-3′

Underlined nucleotides are the site of mutagenesis. The mutant and wild-type eLH/CGR cDNAs were subcloned
into the eukaryotic expression vector pcDNA3 and pCORON1000 SP VSV-G for transfection. The plasmids were
purified, and the presence of the correct insert was confirmed by restriction enzymes. Finally, we constructed
eight receptor genes: wild-type eLH/CGR, M398T, L457R, D564G, D578Y, D405N, R464H, and Y546F.

4.3. Production of Recombinant-eCGβ/α Mutants in CHO Suspension Cell

For rec-eCGβ/α production, the expression vectors were transfected into CHO-S
cells using the FreeStyle™ MAX reagent, following the manufacturer’s instructions [41,42].
Briefly, the CHO-S cells were cultured in FreeStyle CHO expression medium at 1× 107 cells
per 30 mL of medium for 3 days. On the day before transfection, the cells were passaged at
a density of 5–6 × 105 cells/mL with the medium (125 mL) in a disposable spinner flask.

A plasmid DNA (260 µg) and FreeStyle™ MAX reagent (260 µL) was diluted with
Opti-PRO™ SFM to produce a total volume of 8 mL, which was gently mixed by inverting
the tube. The mixed DNA-FreeStyle™ MAX was incubated for 10 min at room temperature
for allowing complex formation, and slowly added to the suspension flask. The cell cultures
were incubated at 37 ◦C in a humidified atmosphere comprising of 8% CO2 on an orbital
shaking platform rotating at 135 rpm. Finally, the culture medium was collected on day
7 post-transfection and centrifuged at 100,000 × g for 10 min at 4 ◦C for removal of cell
debris. The supernatant was collected and stored at −80 ◦C until analysis. The samples
were concentrated using either a Centricon filter or by freeze-drying and mixing with
phosphate-buffered saline (PBS). The sample was mixed 10–20 times, and the concentration
of rec-eCGβ/α was determined via ELISA [1,2].

The rec-eCGβ/α protein was quantified using PMSG with anti-PMSG monoclonal
antibody and horseradish peroxidase (HRP)-conjugated antibody, according to the man-
ufacturer’s instructions. The culture medium (100 µL) was dispensed into the wells of
96-well plates coated with a monoclonal antibody. The samples were incubated for 60 min
at room temperature, followed by incubation with 100 µL of HRP-conjugated secondary
antibody. The samples were washed and incubated with the tetramethylbenzidine (TMB)
substrate solution (100 µL) for 30 min at room temperature. The reaction was stopped by
adding 50 µL of 1 M H2SO4. Absorbance at 450 nm was measured within 30 min using a
microplate reader (Cytation 3; Biotek, Winooski, VT, USA). Finally, 1 IU was assumed to be
100 ng, on the basis of the conversion factor for the suggested assay protocol.

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

The CHO cells were transfected using liposomal transfection [26]. The CHO cells were
cultured in growth medium (Ham’s F-12 media supplemented with penicillin (50 U/mL),
streptomycin (50 µg/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
10 mM Hepes, 50 µg/mL gentamycin, and 10% fetal bovine serum).
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The CHO cells and HEK 293 cells were grown to 80–90% confluence in 6-well plates,
and the plasmid DNAs were transfected using the Lipofectamine reagent. After the diluted
DNA had been combined with Lipofectamine samples, the mixture was incubated for
20 min. The cells were washed with Opti-MEM, and the DNA-Lipofectamine complex was
added to each well. After 5 h, growth medium containing 20% fetal bovine serum was
added to each well. The CHO cells were used for cAMP analysis 48 h post-transfection.
The HEK 293 cells were used for investigating the cell-surface loss of the receptor.

4.5. cAMP Analysis by Homogeneous Time-Resolved Fluorescence (HTRF) Assays

cAMP accumulation in CHO-K1 cells expressing wild-type eLH/CGR or the eLH/CGR
mutants was measured using cAMP Dynamic 2 competitive immunoassay kits [10]. The
transfected cells were seeded in a 384-well plate (10,000 cells per well). The standard
samples were prepared to cover an average cAMP concentration of 0.17–712 nM (final
concentration of cAMP per well). We added MIX to the cell dilution buffer to prevent cAMP
degradation. To each well, 5 µL of compound medium buffer containing rec-eCG mutants
was added. The plate was sealed and incubated for cell stimulation at room temperature for
30 min. The samples were incubated with the detection reagents, cAMP-d2 and anti-cAMP-
cryptate (diluted five-fold in lysis buffer, 5 µL/well), for 1 h at RT. cAMP was detected
by measuring the decrease in homogeneous time-resolved fluorescence (HTRF) energy
transfer (665 nm/620 nm) using an Artemis K-101 HTRF microplate reader (Kyoritsu Radio,
Tokyo, Japan). The specific signal-Delta F (energy transfer) is inversely proportional to the
concentration of cAMP in the standard or the sample. The results were calculated on the
basis of the 665 nm/620 nm ratio, and expressed as Delta F% (cAMP inhibition), according
to the following equation: (Delta F% = (standard or sample ratio-mock transfection) ×
100/mock transfection). The cAMP concentrations for the Delta F% values were calculated
in nM using the GraphPad Prism software (GraphPad, Inc., La Jolla, CA, USA).

4.6. Agonist-Induced Cell-Surface Loss of Receptor

Loss of eLH/CGR from the cell-surface was assessed using ELISA [10,43]. HEK 293
cells were transfected with each mutant plasmid; subsequently, the cells were split into
96-well dishes (1 × 104 cells) and coated with poly-D-lysine 24 h post-transfection. In the
experiment to determine cell-surface loss, the cells were pre-incubated with or without
rec-eCG (1000 ng/mL) for 30 min at 37 ◦C. The cells were incubated with 1000 ng/mL
rec-eCG for the time-dependent tests (5, 15, 30, 60, 120, and 240 min).

Briefly, the cells were fixed using 4% paraformaldehyde in Dulbecco’s PBS (DPBS)
for 5 min at 25 ◦C. After three washes with DPBS, the wells were incubated with blocking
solution (Tris-buffered saline with 1% bovine serum albumin) for 30 min. The primary
antibody reaction was performed using a rabbit anti-VSVG antibody (1:1000), followed by
incubation with an HRP-conjugated anti-rabbit antibody (1:15,000). The wells were washed
four times with blocking solution. To each well, 80 µL of DPBS and 10 µL of SuperSignal
ELISA Femto Maximum substrate were added for detection. Luminescence was measured
using a Cytation 3-plate reader (BioTek, Winooski, VT, USA). The expression levels of
the wild-type receptors were set as 100%. The cell-surface loss of wild-type and mutant
eLH/CGRs was calculated by comparing the levels in the presence of rec-eCG to the levels
in the non-treatment cells (taken as 0% of the loss of cell-surface receptors).

4.7. Data Analysis

The Multalin multiple sequence alignment software was used for sequence analysis.
GraphPad Prism 6.0 (San Diego, CA, USA) was used for analyzing cAMP responsive-
ness, EC50 values, and the stimulation curve analyses. Curves fitted in a single experi-
ment were normalized to the background signal measured for the mock-transfected cells
(Figures 3 and 4). The values for cAMP levels and cell-surface receptors in the mock-
transfected cells were subtracted from the corresponding values in the transfected cells.
One-way ANOVA and Tukey’s multiple comparison tests were used for comparing the
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results between samples, using the GraphPad Prism 6.0 software. A p-value of <0.05 was
considered to indicate a significant difference between groups.

5. Conclusions

This study shows that constitutively activating mutations of eLH/CGR (M398T, L457R,
D564G, and D578Y) resulted in a significant increase in the basal cAMP production and
a faster loss of the cell-surface receptor compared to wild-type eLH/CGR despite low
cell-surface expression, which has been reported for mutations of these highly conserved
amino acids in mammalian LHRs. The rate of loss of the M398T and L457R mutants from
the cell surface was found to be very similar to that of wild-type eLH/CGR, whereas the
half-life (t1/2) of the cell-surface receptor loss indicated a faster loss for the former than
for wild-type eLH/CGR. The other two activating mutants (D564G and D578Y) exhibited
a slightly faster rate of cell-surface receptor loss. However, the loss of the cell-surface
receptor considerably decreased to 55–62% until termination after 15 min. Thus, we
suggest that D564G and D578Y mutants exhibit a similar cAMP response as wild-type
eLH/CGR for the constitutive loss of the cell-surface receptor. In contrast, the inactivating
mutations (D405N, R464H, and Y546F) completely impaired the signal transduction of
the agonist-mediated receptor response. The loss of the D405N and Y546F mutants from
the cell-surface receptor was not complete; however, the loss of the R464H mutant was
considerably slower than that of the agonist-occupied wild-type receptor. Thus, we suggest
that the activation process might involve an agonist-induced conformational change in
the eLH/CG receptor-eCG complex. These findings are extremely important for our
understanding of eLH/CGR function and regulation with respect to mutations of highly
conserved amino acids in mammalian glycoprotein hormone receptors. Future studies on
the mutations of glycoprotein hormone receptors could provide highly useful information
for identifying the cellular mechanism responsible for the structure–function relationship
of eLH/CGR-eCG complexes in signal transduction.

Author Contributions: M.B. and H.-K.S. performed the research. S.-H.C. analyzed the data. D.-J.K.
contributed to the preparation of the ELISA kit and manuscript. M.-H.K. and K.-S.M. designed the
experiments and contributed to the preparation of the manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Korean Research Foundation Program (2021R1A2B01001602)
and National Institute of Fisheries Science (R2021023), Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: All authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Min, K.S.; Park, J.J.; Byambaragchaa, M.; Kang, M.H. Characterization of tethered equine chorionic gonadotropin and its

deglycosylated mutants by ovulation stimulation in mice. BMC Biotechnol. 2019, 19, 60. [CrossRef]
2. Min, K.S.; Park, J.J.; Lee, S.Y.; Byambragchaa, M.; Kang, M.H. Comparative gene expression profiling of mouse ovaries upon

stimulation with natural equine chorionic gonadotropin (N-eCG) and tethered recombinant-eCG (R-eCG). BMC Biotechnol. 2020,
20, 59. [CrossRef]

3. Min, K.S.; Hiyama, T.; Seong, H.H.; Hattori, N.; Tanaka, S.; Shiota, K. Biological activities of tethered equine chorionic go-
nadotropin (eCG) and its deglycosylated mutants. Reprod. Dev. 2004, 50, 297–304.

4. Zhang, M.; Tao, Y.X.; Ryan, G.L.; Feng, X.; Fanelli, F.; Segaloff, D.L. Intrinsic differences in the response of the human lutropin
receptor versus the human follitropin receptor to activating mutations. J. Biol. Chem. 2007, 282, 25527–25539. [CrossRef]

5. Segaloff, D.L.; Ascoli, M. The lutropin/choriogonadotropin receptor... 4 years later. Endoc. Rev. 1993, 14, 324–347.
6. Meehan, T.P.; Narayan, P. Constitutively active luteinizing hormone receptor: Consequences of in vivo expression. Mol. Cell

Endocrinol. 2007, 294–300, 260–262. [CrossRef] [PubMed]

http://doi.org/10.1186/s12896-019-0550-6
http://doi.org/10.1186/s12896-020-00653-8
http://doi.org/10.1074/jbc.M703500200
http://doi.org/10.1016/j.mce.2006.03.045
http://www.ncbi.nlm.nih.gov/pubmed/17045736


Int. J. Mol. Sci. 2021, 22, 10723 16 of 17

7. Kraaij, R.; Post, M.; Kremer, H.; Milgrom, E.; Epping, W.; Brunner, H.G.; Grootegoed, J.A.; Themmen, A.P. A missense mutation in
the second transmembrane segment of the luteinizing hormone receptor causes familial male-limited precocious puberty. J. Clin.
Endocrinol. Metab. 1995, 80, 3168–3172. [PubMed]

8. Shenker, A.; Laue, L.; Kosugi, S.; Merendino, J.J., Jr.; Minegishi, T.; Cutler, G.B., Jr. A constitutively activating mutation of the
luteinizing hormone receptor in familial male precocious puberty. Nature 1993, 365, 652–654. [CrossRef]

9. Byambaragchaa, M.; Kim, D.J.; Kang, M.H.; Min, K.S. Site specificity of eel luteinizing hormone N-linked oligosaccharides in
signal transduction. Gen. Comp. Endocrinol. 2018, 268, 50–56. [CrossRef] [PubMed]

10. Byambaragchaa, M.; Kim, J.S.; Park, H.K.; Kim, D.J.; Hong, S.M.; Kang, M.H.; Min, K.S. Constitutive activation and inactivation of
mutations inducing cell surface loss of receptor and impairing of signal transduction of agonist-stimulated eel follicle-stimulating
hormone receptor. Int. J. Mol. Sci. 2020, 21, 7075. [CrossRef]

11. Min, K.S.; Liu, X.; Fabritz, J.; Jaquette, J.; Abell, A.N.; Ascoli, M. Mutations that induce constitutive activations and mutations that
impair signal transduction modulate the basal and/or agonist-stimulated internalization of the lutropin/choriogonadotropin
receptor. J. Biol. Chem. 1998, 273, 34911–34919. [CrossRef]

12. Galet, C.; Ascoli, M. A constitutively active mutant of the human lutropin receptor (hLHR-L457R) escapes lysosome targeting
and degradation. Mol. Endocrinol. 2006, 20, 2931–2945. [CrossRef]

13. Kudo, M.; Osuga, Y.; Kobilka, B.K.; Hsueh, A.J. Transmembrane region V and VI of the human luteinizing hormone receptors are
required for constitutive activation by a mutation in the third intracellular loop. J. Biol. Chem. 1996, 271, 22470–22478. [CrossRef]

14. Yano, K.; Kohn, L.D.; Saji, M.; Kataoka, N.; Okuno, A.; Cutler, G.B., Jr. A case of male-limited precocious puberty caused by a
point mutation in the second transmembrane domain of the luteinizing hormone choriogonadotropin receptor gene. Biochem.
Biophys. Res. Commun. 1996, 220, 1036–1042. [CrossRef]

15. Latronico, A.C.; Segaloff, D.L. Insights learned from L457R, an activating mutant of the human lutropin receptor. Mol. Cell
Endocrinol. 2007, 260–262, 287–293. [CrossRef]

16. Laue, L.; Chan, W.Y.; Hsueh, A.J.W.; Kudo, M.; Hsu, S.Y.; Wu, S.M.; Blomberg, L.; Cutler, G.B., Jr. Genetic heterogeneity of
constitutively activating mutations of the human luteinizing hormone receptor in familial male-limited precocious puberty. Proc.
Natl. Acad. Sci. USA 1995, 92, 1906–1910. [CrossRef]

17. Dhanwada, K.R.; Vijapurkar, U.; Ascoli, M. Two mutations of the lutropin/ choriogonadotropin receptor that impair signal
transduction also interfere with receptor-mediated endocytosis. Mol. Endocrinol. 1996, 10, 544–554.

18. Foster, S.R.; Brauner-Osborne, H. Investigating internalization and intracellular trafficking of GPCRs: New techniques and
real-time experimental approaches. Handb. Exp. Pharmacol. 2018, 245, 41–61. [PubMed]

19. Jacobsen, S.E.; Ammendrup-Johnsen, I.; Jansen, A.M.; Gether, U.; Madsen, K.L.; Brauner-Osborne, H. The GPRC6A receptor
displays constitutive internalization and sorting to the slow recycling pathway. J. Biol. Chem. 2017, 292, 6910–6926. [CrossRef]
[PubMed]

20. Mos, I.; Jacobsen, S.E.; Foster, S.R.; Brauner-Osborne, H. Calcium-sensing receptor internalization is β-arrestin-dependent and
modulated by allosteric ligands. Mol. Pharmacol. 2019, 96, 463–474. [CrossRef] [PubMed]

21. Norskov-Lauritsen, L.; Jorgensen, S.; Brauner-Osborne, H. N-glycosylation and disulfide bonding affects GPRC6A receptor
expression, function, and dimerization. FEBS Lett. 2015, 589, 588–597. [CrossRef]

22. Spiess, K.; Bagger, S.O.; Torz, L.J.; Jensen, K.H.R.; Walser, A.L.; Kvam, J.M.; Mogelmose, A.S.K.; Daugvilaite, V.; Junnila, R.K.;
Hjorto, G.M.; et al. Arrestin-independent constitutive endocytosis of GPR125/ADGRA3. Ann. N.Y. Acad. Sci. 2019, 1456, 186–199.
[CrossRef] [PubMed]

23. Bhaskaran, R.S.; Ascoli, M. The post-endocytotic fate of the gonadotropin receptors is an important determinant of the desensiti-
zation of gonadotropin responses. J. Mol. Endocrinol. 2005, 34, 447–457. [CrossRef]

24. Krishnamurthy, H.; Kishi, H.; Shi, M.; Galct, C.; Bhaskaran, R.S.; Hirakawa, T.; Ascoli, M. Post-endocytotic trafficking of the
FSH/FSH receptor complex. Mol. Endocrinol. 2003, 17, 2162–2176. [CrossRef] [PubMed]

25. Byambaragchaa, M.; Ahn, T.H.; Choi, S.H.; Kang, M.H.; Min, K.S. Functional characterization of naturally-occurring constitutively
activating/inactivating mutations in equine follicle-stimulating hormone receptor. Anim. Biosci.. In press.

26. Kim, J.M.; Munkhuu, O.; Byambragchaa, M.; Lee, B.I.; Kim, S.K.; Kang, M.H.; Kim, D.J.; Min, K.S. Site-specific roles of N-linked
oligosaccharides in recombinant eel follicle-stimulating hormone for secretion and signal transduction. Gen. Comp. Endocrinol.
2019, 276, 37–44. [CrossRef]

27. Wang, Z.; Hipkin, R.W.; Ascoli, M. Progressive cytoplasmic tail truncations of the lutropin-choriogonadotropin receptor prevent
agonist- or phorbol ester-induced phosphorylation, impair agonist- or phorbol ester-induced desensitization, and enhance
agonist-induced receptor down-regulation. Mol. Endocrinol. 1996, 10, 748–759. [PubMed]

28. Wang, Z.; Liu, X.; Ascoli, M. Phosphorylation of the lutropin/choriogonadotropin receptor facilities uncoupling of the receptor
from adenylyl cyclase and endocytosis of the bound hormone. Mol. Endocrinol. 1997, 11, 183–192. [CrossRef]

29. Kosugi, S.; Mori, T.; Shenker, A. The role of Asp578 in maintaining the inactive conformation of the human lutropin/choriogonadotropin
receptor. J. Biol. Chem. 1996, 271, 31813–31817. [CrossRef]

30. Kosugi, S.; Mori, T.; Shenker, A. An anionic residue at position 564 is important for maintaining the inactive conformation of the
human lutropin/choriogonadotropin receptor. Mol. Pharamacol. 1998, 53, 894–901.

http://www.ncbi.nlm.nih.gov/pubmed/7593421
http://doi.org/10.1038/365652a0
http://doi.org/10.1016/j.ygcen.2018.07.015
http://www.ncbi.nlm.nih.gov/pubmed/30056138
http://doi.org/10.3390/ijms21197075
http://doi.org/10.1074/jbc.273.52.34911
http://doi.org/10.1210/me.2006-0138
http://doi.org/10.1074/jbc.271.37.22470
http://doi.org/10.1006/bbrc.1996.0528
http://doi.org/10.1016/j.mce.2005.11.053
http://doi.org/10.1073/pnas.92.6.1906
http://www.ncbi.nlm.nih.gov/pubmed/29018878
http://doi.org/10.1074/jbc.M116.762385
http://www.ncbi.nlm.nih.gov/pubmed/28280242
http://doi.org/10.1124/mol.119.116772
http://www.ncbi.nlm.nih.gov/pubmed/31399503
http://doi.org/10.1016/j.febslet.2015.01.019
http://doi.org/10.1111/nyas.14263
http://www.ncbi.nlm.nih.gov/pubmed/31659746
http://doi.org/10.1677/jme.1.01745
http://doi.org/10.1210/me.2003-0118
http://www.ncbi.nlm.nih.gov/pubmed/12907758
http://doi.org/10.1016/j.ygcen.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/8776735
http://doi.org/10.1210/mend.11.2.9889
http://doi.org/10.1074/jbc.271.50.31813


Int. J. Mol. Sci. 2021, 22, 10723 17 of 17

31. Bradbury, F.; Kawate, N.; Foster, C.M.; Menon, K.M.J. Post-translational processing in the golgi plays a critical role in the
trafficking of the luteinizing hormone/human chorionic gonadotropin receptor to the cell surface. J. Biol. Chem. 1997, 272,
5921–5926. [CrossRef]

32. Shinozaki, H.; Fabekku, F.; Liu, X.; Butterbrodt, J.; Nakamura, K.; Segaloff, D.L. Pleiotropic effects of substitutions of a highly
conserved leucine in transmembrane helix III of the human lutropin/choriogonadotropin receptor with respect to constitutive
activating and hormone responsiveness. Mol. Endocrinol. 2001, 15, 972–984. [CrossRef]

33. Zhang, M.; Mizrachi, D.; Fanelli, F.; Segaloff, D.L. The formation of a salt bridge between helices 3 and 6 is responsible for the
constitutive activity and lack of hormone responsiveness of the naturally occurring L457R mutation of the human lutropin
receptor. J. Biol. Chem. 2005, 280, 26169–26176. [CrossRef] [PubMed]

34. Tao, Y.X.; Abel, A.N.; Liu, X.; Nakamura, K.; Segaloff, D.L. Constitutive activation of G protein-coupled receptors as a result of
selective substitution of a conserved leucine residue in transmembrane helix III. Mol. Endocrinol. 2000, 14, 1272–1282. [CrossRef]

35. Latronico, A.C.; Abell, A.N.; Arnhold, I.J.P.; Liu, X.; Lins, T.S.S.; Brito, V.N.; Billerbeck, A.E.; Segaloff, D.L.; Mendonca, B.B. A
unique constitutively activating mutation in the third transmembrane helix of the luteinizing hormone receptor causes sporadic
male gonadotropin independent precocious puberty. J. Clin. Endocrinol. Metab. 1998, 83, 2435–2440. [PubMed]

36. Pahkarukova, N.; Masoudi, A.; Pani, B.; Staus, D.; Lefkowitz, R.J. Allosteric activation of proto-oncogene kinase src by GPCR-
beta-arrestin complexes. J. Biol. Chem. 2020, 295, 16773–16784. [CrossRef] [PubMed]

37. Slosky, L.M.; Bai, Y.; Toth, K.; Ray, C.; Rochelle, L.K.; Badea, A.; Chandrasekhar, R.; Pogorelov, V.M.; Abraham, D.M.; Atluri,
N.; et al. β-arrestin-biased allosteric modulator of NTSR1 selectively attenuates addictive behaviors. Cell 2020, 181, 1364–1379.
[CrossRef]

38. Jean-Alphonse, F.; Bowersox, S.; Chen, S.; Beard, G.; Puthenveedu, M.A.; Hanyaloglu, A.C. Spatially restricted G protein-coupled
receptor activity via divergent endocytic compartments. J. Biol. Chem. 2014, 289, 3960–3977. [CrossRef]

39. Levoye, A.; Zwier, J.M.; Jaracz-Ros, A.; Klipfel, L.; Cottet, M.; Maurel, D.; Bdioui, S.; Balabanian, K.; Prezeau, L.; Trinquet, E.; et al.
A broad G protein-coupled receptor internalization assay that combines SNAP-tag labeling, diffusion-enhanced resonance energy
transfer, and a highly emissive terbium cryptate. Front. Endocrinol. 2015, 6, 167. [CrossRef]

40. Stansley, B.J.; Conn, P.J. Neuropharmacological insight from allosteric modulation of mGlu receptors. Trends Pharmacol. Sci. 2019,
40, 240–252. [CrossRef]

41. Lee, S.Y.; Byambaragchaa, M.; Kang, H.J.; Choi, S.H.; Kang, M.H.; Min, K.S. Specific roles of N- and O-linked oligosaccharide sites
on biological activity of equine chorionic gonadotropin (eCG) in cells expressing rat luteinizing hormone/chorionic gonadotropin
receptor (LH/CGR) and follicle-stimulating hormone receptor (FSHR). BMC Biotechnol. 2021, 21, 52. [CrossRef] [PubMed]

42. Byambaragchaa, M.; Park, A.; Gil, S.J.; Lee, H.W.; Ko, Y.J.; Choi, S.H.; Kang, M.H.; Min, K.S. Luteinizing hormone-like and
follicle-stimulating hormone-like activities of equine chorionic gonadotropin β-subunit mutants in cells expressing rat luteinizing
hormone/chorionic gonadotropin receptor and rat follicle-stimulating hormone receptor. Anim. Cells Syst. 2021, 25, 171–181.
[CrossRef] [PubMed]

43. Mundell, S.J.; Matharu, A.L.; Nisar, S.; Palmer, T.M.; Benovic, J.L.; Kelly, E. Deletion of the distal COOH-terminus of the A2B
adenosine receptor switches internalization to an arrestin- and clathrin-independent pathway and inhibits recycling. Br. J.
Pharmacol. 2010, 159, 518–533. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.272.9.5921
http://doi.org/10.1210/mend.15.6.0661
http://doi.org/10.1074/jbc.M502102200
http://www.ncbi.nlm.nih.gov/pubmed/15908694
http://doi.org/10.1210/mend.14.8.0503
http://www.ncbi.nlm.nih.gov/pubmed/9661624
http://doi.org/10.1074/jbc.RA120.015400
http://www.ncbi.nlm.nih.gov/pubmed/32978252
http://doi.org/10.1016/j.cell.2020.04.053
http://doi.org/10.1074/jbc.M113.526350
http://doi.org/10.3389/fendo.2015.00167
http://doi.org/10.1016/j.tips.2019.02.006
http://doi.org/10.1186/s12896-021-00712-8
http://www.ncbi.nlm.nih.gov/pubmed/34482828
http://doi.org/10.1080/19768354.2021.1943708
http://www.ncbi.nlm.nih.gov/pubmed/34262660
http://doi.org/10.1111/j.1476-5381.2009.00598.x
http://www.ncbi.nlm.nih.gov/pubmed/20128803

	Introduction 
	Results 
	Preparation and Cell-Surface Expression of Wild-Type eLH/CGR and the Mutant Receptors 
	cAMP Responsiveness Induced by Agonist in Activating Mutants and Inactivating Mutants 
	Cell-Surface Receptor Loss Induced by Treatment with the eCG Agonist 

	Discussion 
	Materials and Methods 
	Materials 
	Site-Directed Mutagenesis and Vector Construction 
	Production of Recombinant-eCG/ Mutants in CHO Suspension Cell 
	Transient Transfection into CHO-K1 Cells and HEK 293 Cells 
	cAMP Analysis by Homogeneous Time-Resolved Fluorescence (HTRF) Assays 
	Agonist-Induced Cell-Surface Loss of Receptor 
	Data Analysis 

	Conclusions 
	References

