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Abstract: We investigated the mechanism of signal transduction using inactivating (R476H) and
activating (D576G) mutants of luteinizing hormone receptor (LHR) of eel at the conserved regions of
intracellular loops II and III, respectively, naturally occurring in mammalian LHR. The expression
of D576G and R476H mutants was approximately 58% and 59%, respectively, on the cell surface
compared to those of eel LHR-wild type (wt). In eel LHR-wt, cAMP production increased upon
agonist stimulation. Cells expressing eel LHR-D576G, a highly conserved aspartic acid residue,
exhibited a 5.8-fold increase in basal cAMP response; however, the maximal cAMP response by high-
agonist stimulation was approximately 0.62-fold. Mutation of a highly conserved arginine residue in
the second intracellular loop of eel LHR (LHR-R476H) completely impaired the cAMP response. The
rate of loss in cell-surface expression of eel LHR-wt and D576G mutant was similar to the agonist
recombinant (rec)-eel LH after 30 min. However, the mutants presented rates of loss higher than
eel LHR-wt did upon rec-eCG treatment. Therefore, the activating mutant constitutively induced
cAMP signaling. The inactivating mutation resulted in the loss of LHR expression on the cell surface
and no cAMP signaling. These data provide valuable information regarding the structure–function
relationship of LHR–LH complexes.

Keywords: eel LHR; constitutively activating mutation; inactivating mutation; cAMP response;
cell-surface loss of receptor

1. Introduction

Lutropin/choriogonadotropin receptors (LHRs) belong to the family of G protein-
coupled receptors (GPCRs), the largest group of membrane proteins. Luteinizing hormone
(LH) is a glycoprotein hormone secreted from the pituitary gland and is an essential
regulatory element of reproduction in mammals and fish. Its receptor, LHR, together
with the follicle-stimulating hormone receptor (FSHR) and thyroid-stimulating hormone
receptor (TSHR), constitute the glycoprotein hormone receptor group and belong to the
largest group of membrane proteins [1,2]. LHR is associated with numerous mutations
related to reproductive failure in humans and mice [3–8].

Activating mutations cause familial male-limited gonadotropin-independent preco-
cious puberty (FMPP) and testotoxicosis [9]. Naturally occurring mutations associated with
LHR cause reproductive disorders in mammals [10]. Depending on the impact on receptor
signaling, activating and inactivating mutations can occur independently of hormonal
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effects. Activating mutations in LHR have been reported in males with sporadic or common
FMPP [7,11,12]. Inactivating mutations in LHR may cause Leydig cell hypoplasia, a rare
form of 46XY disorder in sex development [13,14]. They are also reported as a novel cause of
hereditary amenorrhea [9] and infertility in females [15,16]. The naturally occurring human
(hLHR)-D564G (equivalent to D576G in eel LHR) mutant displays constitutive activation,
thereby leading to an increase in basal cAMP response without agonist treatment [17]. The
rat (rLHR)-D556G (equivalent to D576G in eel LHR) mutant with a constitutively activating
site has been reported, demonstrating the trafficking of 92-kDa mature form of the receptor
to the trans-Golgi [18]. The cell-surface loss of the receptor for an activating equine mutant
LH/CGR (eLH/CGR)-D564G (equivalent to D576G in eel LHR) was faster than that of
wild-type (wt) eLH/CGR, indicating a significant increase in the basal cAMP response [19].

In contrast, the inactivating mutant of rLHR-R442H (equivalent to R476H in eel
LHR) has been reported to impair signal transduction upon treatment with a high dose
of agonist [20]. The inactivating eLH/CGR R464H (equivalent to R476H in eel LHR)
mutant has also been reported to completely impair cAMP response and cause the loss of
cell-surface receptors [21]. Inactivating mutations of GPCRs, LHR, and FSHR have been
clarified by reviewing the structure–function insights and therapeutic implications [6].

Although several studies have been reported on signal transduction of naturally occur-
ring hLHR, rLHR, and eLH/CGR, there are few reports on the characterization and function
of signal transduction of eel LHR in activating/inactivating mutants. We designed the
present study to investigate the possibility that the highly conserved activating/inactivating
mutants in eel LHR are implicated in signal transduction and loss of cell-surface receptors
in cells expressing these receptors.

In the present study, we generated activating (D576G) and inactivating (R476) mutants
of eel LHR to elucidate their effects on receptor signaling mechanisms, including receptor
activation and cell-surface loss of receptors. In addition, since recombinant equine chorionic
gonadotropin (eCG) shows both LH- and FSH-like activities in non-equid species [21], it has
potent activity in eel LHR expressing cells, we included rec-eCG as an additional agonist to
investigate its effects on signal transduction of eel LHR mutants.

2. Results
2.1. Preparation of Eel LHR Mutants and Their Cell-Surface Expression

We generated one constitutively activating mutant of eel LHR in intracellular loop 3
(D576G) and one inactivating mutation in intracellular loop 2 (R476H) to determine their
effects on hormone–receptor interaction (Figure 1). Previous studies on activating and
inactivating eel LHR mutants have been conducted in the transmembrane domains II, III,
V, and VI. In the present study, these two mutants were located in intracellular loops 2 and
3. The mutated sites were conserved well within LHRs of mammalian and fish species.
Next, we analyzed the cell-surface expression of eel LHR mutants in the human embryonic
kidney (HEK) 293 cells.

Receptor expression was equivalent in cells expressing the activating mutant or eel
LHR-wt. We considered the expression of eel LHR-wt as 100%. The expression of D576G
and R476H mutants was approximately 58% and 59%, respectively (Figure 2 left). Although
both mutants showed low expression, they were typically expressed on the cell surface.
Previously, eLH/CGR R464H was not expressed on the cell surface [19]. We also determined
the number of receptor proteins expressed by western blotting. Two major bands were
detected, demonstrating that the lower ~70 kDa indicated intracellular eel LHR precursor.
The other higher band suggests conversion of the precursor to the cell surface ~90 kDa eel
LHR. The bands at ~180 kDa represent receptor dimers seeing around 90 kDa of monomeric
receptor forms.

Next, we determined cAMP response and cell-surface loss of receptors induced by
agonist treatment.
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Figure 1. Schematic representation of the structure of eel luteinizing hormone receptor (LHR). The 
locations of the constitutive activating mutation (D576G) in the third intracellular loop and the in-
activating mutation (R476H) in the second intracellular loop are indicated. The red and blue circles in-
dicate the constitutively activating and inactivating mutations. EC, extracellular loop. TM, trans-
membrane domain. IC, intracellular loop. 
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agonist treatment. 

  
Figure 2. Cell-surface expression of eel LHRs in transiently transfected HEK-293 cells. Enzyme-linked 
immunosorbent assay (left) and western blotting (right) were used to determine the surface expres-
sion of eel LHRs. Values are means ± SEM for three independent experiments and were normalized 
with respect to the wild-type eel LHR. Cell-surface expression of the wild-type eel LHR (eel LHR-
wt) was considered 100%. * Statistically significant differences from eel LHR-wt were calculated by 
a one-way ANOVA followed by Tukey’s comparison test (* p < 0.05). 

2.2. Expression and Western Blot Analysis of Rec-Eel LH 
The plasmid encoding single-chain eel LHβ/α was constructed and transfected into 

CHO-K1 cells. Rec-eel LH was expressed and quantified as previously described [22]. The 
molecular weight of rec-eel LH was analyzed by western blotting using a monoclonal an-
tibody against the α-subunit monoclonal antibody raised in our lab [23]. The result re-
vealed an approximate molecular weight of 32 kDa (Figure 3), which was consistent with 

Figure 1. Schematic representation of the structure of eel luteinizing hormone receptor (LHR). The
locations of the constitutive activating mutation (D576G) in the third intracellular loop and the
inactivating mutation (R476H) in the second intracellular loop are indicated. The red and blue
circles indicate the constitutively activating and inactivating mutations. EC, extracellular loop. TM,
transmembrane domain. IC, intracellular loop.
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Figure 2. Cell-surface expression of eel LHRs in transiently transfected HEK-293 cells. Enzyme-
linked immunosorbent assay (left) and western blotting (right) were used to determine the surface
expression of eel LHRs. Values are means ± SEM for three independent experiments and were
normalized with respect to the wild-type eel LHR. Cell-surface expression of the wild-type eel LHR
(eel LHR-wt) was considered 100%. * Statistically significant differences from eel LHR-wt were
calculated by a one-way ANOVA followed by Tukey’s comparison test (* p < 0.05).

2.2. Expression and Western Blot Analysis of Rec-Eel LH

The plasmid encoding single-chain eel LHβ/α was constructed and transfected into
CHO-K1 cells. Rec-eel LH was expressed and quantified as previously described [22]. The
molecular weight of rec-eel LH was analyzed by western blotting using a monoclonal
antibody against the α-subunit monoclonal antibody raised in our lab [23]. The result
revealed an approximate molecular weight of 32 kDa (Figure 3), which was consistent with
previous reports on glycosylated rec-eel LH (Figure 3). To confirm the molecular weight
by N-linked deglycosylated enzyme treatment, we performed enzymatic digestion of
oligosaccharides using PNGase F. The molecular weight of rec-eel LH decreased to 25 kDa,
demonstrating that glycosylation accounted for approximately 7 kDa (Figure 3). These
results indicated that oligosaccharides were highly modified in glycoproteins produced
from CHO-suspension cells.
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Figure 3. Western blot analysis of recombinant (rec)-eel LH. Rec-eel LH was expressed in CHO
suspension cells. Conditioned media were collected, and proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Proteins were detected using a monoclonal antibody
against the eel α-subunit. Protein samples were treated with N-glycosidase-F. PNGase digestion was
conducted for 1 h at 37 ◦C. M: marker; −: untreated; +: treated with N-glycosidase-F.

2.3. cAMP Responsiveness Induced by Agonists in Activating and Inactivating Mutants

The effects of activating and inactivating mutations on the basal and rec-eel LH-
stimulated cAMP responses are summarized in Figure 4 and Table 1.
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Figure 4. Total cAMP levels stimulated by recombinant eel LH in CHO-K1 cells transfected with
constitutively activating (D576G: left) and inactivating (R476H: right) eel LH receptors. CHO-K1
cells transiently transfected with eel LHR-wt and mutants (D576G and R476H) were stimulated with
rec- eel LH in a medium containing 0.5 mM 3-isobutyl-1-methyl xanthine for 30 min before total
cAMP was assayed. Levels of cAMP production were determined by homogeneous time-resolved
fluorescence. cAMP accumulation was calculated as Delta F%. cAMP concentration was recalculated
using GraphPad Prism software v.6.0 (GraphPad, Inc., La Jolla, CA, USA). The values obtained for
mock transfection were subtracted from each data set. A representative data set was obtained from
three independent experiments. The blank circles represent the same curves of eel LHR-wt.

The cAMP production in cells transfected with eel LHR-wt plasmid DNA increased
in a dose-dependent manner. The basal and Rmax cAMP response values were 2.6 and
65.6 nM/104 cells, respectively. The half maximal effective concentration (EC50) of eel LH
in stimulating cAMP response was approximately 176.6 ng/mL. However, the basal cAMP
responsiveness in cells expressing LHR-D576G increased to 15.1 nM/104 cells without
agonist treatment (Figure 5). In contrast to the CHO-K1 cells harboring the wt receptor, cells
expressing LHR-D576G exhibited a 5.8-fold increase in basal cAMP production, indicating
that the receptor was constitutively active without agonist treatment. The basal cAMP level
in cells expressing LHR-D576G corresponded to 23% of the maximal response detected in
cells expressing eel LHR-wt. The maximal cAMP response in cells expressing LHR-D576G
mutant with respect to that in the wt strain was approximately 0.62-fold (Table 1). The max-
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imal cAMP level (15,000 ng/mL) in cells expressing LHR-D576G showed a cAMP response
by agonist treatment (100 ng/mL) almost comparable to that observed in cells expressing
eel LHR-wt. Therefore, LHR-D576G-expressing cells did not respond to further stimulation
with high concentrations of agonists (Figure 4). In contrast, the cells expressing R476H
showed completely impaired basal cAMP production even at high agonist concentrations,
and EC50 and Rmax values could not be measured (Figure 5).

Table 1. Bioactivity of eel LH receptors in cells expressing activating and inactivating receptor mutants.

Eel LH Receptors
cAMP Responses

Basal a

(nM/104 Cells)
EC50

(ng/mL)
Rmax b

(nM/104 Cells)

LHR-WT 2.6 ± 0.4
(1-fold)

176.6
(138.7 to 242.7) c

65.6 ± 3.2
(1-fold)

LHR-D576G 15.1 ± 0.9
(5.8-fold)

94.8
(72.9 to 135.5)

40.6 ± 2.1
(0.62-fold)

LHR-R476H 1.7 ± 0.5 - d - d

Values are the means ± SD of a single representative experiment performed in triplicate. The half-maximal effective
concentration (EC50) values were determined from the concentration-response curves from in vitro bioassays.
a Basal cAMP level average without agonist treatment. b Rmax average cAMP level/104 cells. c Geometric mean
(95% confidence limit). d Nondetectable.

As a result, we observed a specific increase in basal cAMP response by the cells
expressing eel LHR-D576G mutant. However, the inactivating mutant (eel LHR-R476H)
completely impaired the cAMP response.
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Figure 5. Basal cAMP responsiveness (left) and Rmax level (right) in activating (D576G:) and
inactivating (R476H) mutants. The basal and maximal cAMP responses presented in Figure 4 are
displayed using a bar graph. The results are expressed as mean ± SD of a single representative
experiment performed in triplicate. * Statistically significant differences from eel LHR-wt in basal
cAMP level and Rmax cAMP response were calculated by a one-way ANOVA followed by Tukey’s
comparison test (* p < 0.05 and ** p < 0.01).

2.4. Loss in Cell-Surface Receptor by Agonist Treatment

We used enzyme-linked immunosorbent assay (ELISA) to measure the loss of eel LHR
expression on the cell surface to further explore the relationship between cAMP level and
loss in cell-surface receptor expression. Cells were preincubated with 250 ng/mL rec-eel
LH for 60 min. The data for time-dependent loss of eel LHR expression are presented in
Figure 6.
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Figure 6. Loss of cell-surface expression of eel LHR-wt and activating (left)/inactivating (right)
mutants. Each plasmid was transiently transfected into HEK-293 cells. Cells were incubated with
or without 1000 ng/mL rec-eel LH for 60 min, and the expression of receptors on the cell surface
was determined. Results are expressed as a percentage of receptor loss on the cell surface calculated
by comparing levels in the presence of rec-eel LH to levels in the absence of agonist (taken as 100%
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The experimental results are summarized in Figure 6 and Table 2. In cells expressing
eel LHR-wt treated with rec-eel LH, cell-surface expression decreased to approximately
65% within the first 5 min and remained approximately between 60–68% for 60 min. For the
activating mutant, cell-surface expression decreased to around 60% within the first 5 min,
with a further decrease to about 50% after 15 min. For the inactivating mutant, cell-surface
expression similarly decreased to eel LHR-wt by approximately 62% within the first 5 min.

Table 2. Rates of cell-surface loss of receptors in transiently transfected cell lines expressing the
wild-type eel LHR and mutants thereof.

Ligand Treatment Eel LHR Cell Lines t1/2 (min) Plateau (% of Control)

rec-eel LH
eel LHR-WT

eel LHR-D576G
eel LHR-R476H

0.9 ± 0.1 64.2 ± 1.5
0.6 ± 0.1 59.8 ± 2.5
0.6 ± 0.1 61.9 ± 2.1

rec-eCG
eel LHR-WT

eel LHR-D576G
eel LHR-R476H

2.5 ± 0.2 56.8 ± 1.4
2.1 ± 0.1 46.3 ± 1.0
1.9 ± 0.1 42.6 ± 1.2

Data were fitted to one-phase exponential decay curves to obtain values of t1/2 and plateau (i.e., maximum
reduction). The data were from three individual experiments.

Additionally, we analyzed the loss of receptors from the cell surface following treat-
ment with the rec-eCG agonist to determine how it affects cells expressing eel LHRs. In eel
LHR-wt expressing cells treated with rec-eCG (250 ng/mL), cell-surface expression of the
receptor decreased to approximately 67% within the first 5 min, then decreased slowly and
remained at approximately 55% for 60 min. Cell-surface expression of the activating mutant
decreased slightly more than that of eel LHR-wt to approximately 61% within the first
5 min and decreased further to approximately 42% at 15 min. In the inactivating mutant,
loss of receptor decreased more rapidly than eel LHR-wt by approximately 51% within
the first 5 min, further reduced to approximately 38% after 15 min, and slightly increased
(Figure 7).
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mutants. Cells were incubated with or without 1000 ng/mL rec-eCG for 60 min, and LHR expression
was calculated by comparing the levels during agonist stimulation to levels in the absence of agonist
(considered 100% cell-surface expression). The results are expressed as the mean ± SD of a single
representative experiment performed in triplicate. In this figure, mean data were fitted to the
one-phase exponential decay equation. The blank circles are the same curves of eel LHR-wt.

With rec-eel LH treatment as an agonist, loss of the expression of the cell-surface
receptor at 30 min considerably decreased for the eel LHR-wt (39%) compared to that
observed in control cells (considered as 0% loss of surface receptor). For the D576G and
R476H mutants, the cell-surface loss of receptors decreased to 40% and 37% at 30 min,
respectively, demonstrating no difference among the groups (Figure 8). Specifically, the loss
of cell-surface receptors for inactivating mutants reduced to a ratio similar to that found in
eel LHR-wt, despite the completely impaired cAMP response. Loss of surface receptors
for eel LHR-wt at 30 min was approximately 44% by rec-eCG treatment, indicating that
it decreased faster than observed with rec-eel LH agonist (Figure 8). However, the loss
of surface receptors in two mutants (eel LHR-D576G and R476H) was decreased to 52%
and 61.6%, respectively. Surprisingly, the loss of cell-surface receptors in the inactivating
mutant was higher than that in eel LHR-wt.
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HEK-293 cells transiently expressing eel LHR-wt or activating/inactivating receptors were incubated
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in triplicate. * Statistically significant differences from eel LHR-wt were calculated by a one-way
ANOVA followed by Tukey’s comparison test (right panel) (* p < 0.05).
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The rate of formation of the ligand-receptor complexes induced by constitutively
activating and inactivating mutants of eel LHR is presented in Table 2. For both the
activating and inactivating mutants, the rate was approximately 0.6 min by agonist eel LH
treatment. With rec-eCG treatment, the rates of loss of the cell-surface receptor–agonist
complex for the mutants were more rapid (1.9–2.1 min) than for eel LHR-wt (Table 2).
Specifically, the R476H mutant, upon rec-eel LH and rec-eCG treatment, exhibited the
most rapid rates of loss despite the cAMP response being completely impaired. These
data clearly showed that the activating mutant reduced the rate of cell-surface loss of the
receptor, demonstrating that the rate is consistent with cAMP responsiveness. However,
for the inactivating mutant, the rate of cell-surface loss of the receptor was faster than that
of eel LHR-wt.

3. Discussion

The present study aimed to determine whether the activation/inactivation mutation
of eel LHRs was indispensable to the function of the cAMP signaling pathways and if
the loss of cell-surface receptors was caused by high-agonist treatment, using eel LHR
as a model. Our results showed that the activating mutation D576G might produce con-
stitutively activating signals for cAMP production and cause the loss in expression of
cell-surface receptors. The inactivating mutation R476H completely impaired cAMP signal
transduction, but the loss of cell-surface receptors commonly occurs following eel LH and
eCG ligand treatments. These mutations stimulate basal cAMP responsiveness and/or
attenuate the agonist-induced activation of eel LHR.

The N-linked glycosylation sites of rec-eel LH, -eel FSH, and rec-eCG play an essential
role in the biological activity of eel LH [22] and eCG [21,24]. The molecular weight of
rec-eel LH produced by CHO-S cells was approximately 32 kDa, and deglycosylation by
PNGase F markedly decreased the molecular weight. These results are consistent with our
previous studies that indicated modification in molecular weight by approximately 7 kDa
while expressed in CHO-K1 cells [25,26]. In this study, the increase in molecular weight
of rec-eel LH in CHO-S cells indicated that oligosaccharides in the N-linked glycosylation
sites (α-Asn56, Asn79, and β-Asn10) were post-translationally modified.

As predicted from the results described above, the two mutations in the present studies
were not fully expressed on the cell surface and intracellular eel LHR precursor. Thus,
our results are consistent with those previously reported in hLHR [20], rLHR [1], and
eLH/CGR [19]. Therefore, we suggest that conformational change in the mutated receptors
could explain why the inactivating mutant (R476H) did not produce cAMP responses
because of the low expression. However, the activating mutant (D576G) produced high
cAMP signal transduction in spite of the low expression. We suggest that activating mutant
is a significant model for determining the cellular mechanisms of eel LHR with/without
high agonist treatment. Although we did not check in the double mutants, the mutants
may be a low expression of cell surface for conformational change.

Our previous observations have suggested that the active conformations of rLHR [1],
eel FSHR [27], eLH/CGR [19], and eFSHR [28] were revealed during stimulation of G
proteins and loss of the cell-surface receptor by agonist treatment. In the present study, the
activating mutant D576G in the third intracellular loop region exhibited a 5.8-fold increase
in basal cAMP response, consistent with the observation that hLHR-D564G (equivalent
to D576G in eel LHR) displayed a considerable rise in cAMP response without agonist
treatment in HEK 293 cells [17]. In a more detailed analysis, changes of various amino acids
(G, A, V, N, L, and F) at this site (D564) of human LHR showed constitutive activation in
COS-7 cells (three–five-fold increase in basal cAMP), but the glutamate mutant (negative
charge) did not show such an increase, thereby indicating that inactive LHR conformation
was maintained [29,30]. Recently, we also reported that the point mutation D566G in eFSHR
displayed an 8.6-fold increase in the basal cAMP response in HEK-293 cells [28]. The
expression of eel FSHR-D540G (equivalent to D576G in eel LHR) in the third intracellular
loop region was substantially increased (23.3-fold) without agonist treatment [27]. Our
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results are consistent with previous studies on the same site in the third intracellular loop
region. In the six transmembrane domain regions, hLHR-D578G (equivalent to D590G in eel
LHR) mutant exhibited a 4.5-fold increase [10], a 3.5-fold increase in COS-7 cells [31], and
a similar increase in HEK 293 cells [5]. However, a substantial increase of approximately
25-fold in the basal cAMP response in HEK 293 cells has been reported [32]. The basal
cAMP response differed slightly from that in cells expressing the D576G mutant. The basal
cAMP response of double mutant receptors (D564 and D578) was higher than that observed
for the single mutant; however, the maximal cAMP response significantly decreased [30].

Therefore, the eel LHR-D576G mutant constitutively activates cAMP signal trans-
duction without agonist treatment. The D576G mutation lies immediately below the six
transmembrane domain regions. Both activating mutations (D576G in the third intracel-
lular loop and D590G in the six transmembrane domain regions) are important sites for
signal transduction through the receptor–agonist complex. Mutational studies performed
with position 576 in eel LHR may reveal conformational changes in the receptor struc-
ture, indicating that this residue plays a pivotal role in regulating the conversion of active
receptor conformation.

In the activation model, eel LHR-M410T, L469R, and D590Y mutants exhibited a
significant increase (4.0–19.1-fold) in basal cAMP response [19]. Eel FSHR-D540G and
D540N mutants displayed 14.5–23.2-fold increases without agonist treatment [27]. However,
despite prolonged agonist treatment, these activating mutants of eel LHR and eel FSHR did
not further increase cAMP accumulation. These results are consistent with our current data,
indicating that the eel LHR-D576G mutant constitutively activates the basal cAMP response.
Still, the maximal cAMP response is markedly lower than that of eel LHR-wt. Therefore,
the reason behind the maximal response of the activating mutants being lower than that
of the eel LHR-wt receptors despite the cell-surface expression being approximately 50%
relative to the eel LHR-wt needs to be analyzed in detail.

Unlike the activating mutant, the inactivating mutant (eel LHR-R476H) in the second
intracellular loop did not elicit any cAMP response despite treatment with a high concen-
tration of ligands and completely impaired signal transduction. These results are consistent
with previous reports for the same sites in the second intracellular loop of rLHR-R442H [20]
and eLH/CGR-464H [19]. Understanding why the R476H mutant attenuates cAMP re-
sponse signaling is difficult. The highly conserved arginine residue at position 476 in the
second intracellular loop plays a pivotal role in cAMP signal transduction. Our results are
consistent with those of other studies on inactivating mutants of eel FSHRs (I193V, N195I,
R546C, and A548V) [27] and eFSHR (A189V, N191I, R572C, and A574V) [28], indicating
a complete impairment of the cAMP response. Even though we did not analyze it, the
cAMP response would be at a completely low level in the double mutants of activating and
inactivating eel LHR.

GPCRs are internalized by endosomes via a clathrin-dependent pathway and are then
degraded in lysosomes or recycled to the cell membrane for prolonged agonist stimula-
tion [33,34]. In this study, the rates of cell-surface loss of receptor of the activating mutant
(0.6–2.1 min) were faster (1.5-fold) than those observed in cells expressing the eel LHR-wt
(0.9–2.5 min) by treatment with eel LH and eCG agonists, indicating a definite correlation
between basal cAMP response and loss of cell-surface receptor. Specifically, the inactivat-
ing mutant did not produce cAMP signaling, but the t1/2 value indicated a faster loss of
the cell-surface receptor, which are conflicting results. These differences between cAMP
signaling and loss of cell-surface receptors need to be clearly demonstrated. These results
are consistent with the rLHR-R442H mutant, which displayed a 1.5–2-fold increase in t1/2
of internalization [20]. Among the inactivating mutants of eel FSHR, only one (N195I)
showed a loss of cell-surface receptor faster (approximately three-fold) than that of the wt
eel FSHR [27].

The reason behind the speedy loss of cell-surface receptors in inactivating mutants
needs to be elucidated. Interestingly, the loss of cell-surface receptors was faster despite
the complete impairment of the cAMP response. Our results do not indicate a possible
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correlation between the basal cAMP response and the loss of cell-surface receptors. As
reported in our previous study, this mechanism is not well-understood. We hypothesized
that the inactivating mutant R464H was probably routed to a lysosomal degradation
pathway and was not recycled to the cell surface [27]. These results are inconsistent with
our previous studies on inactivating mutants of eLH/CGR-R464H [19], eel FSHR-A193V,
R546C, A548V [27], and eel FSHR-N191Q [35], where the loss of cell-surface receptors in
inactivating mutants did not occur.

In this presented study, we did not determine the internalization in cells expressing
both active and inactive receptors. However, we suggest that the receptor loss from the
cell surface could help predict the internalization rate into the endosome. One possible
mechanism by which a constitutively active mutant of eel LHR might cause increased
internalization of the LHR–LH complex has been reported for hFSHR [3]. The cells express-
ing hLHR-activating mutants showed a more pronounced loss of cell-surface receptors
than those expressing hLHR-wt, demonstrating that receptor recycling promotes the main-
tenance of cell-surface receptors and responds to agonist stimulation [36]. Therefore,
the signaling mechanisms of GPCRs are considered to be involved in the cell-surface ex-
pression of receptors, loss of cell-surface receptors, internalization, downregulation, and
recycling [37–40]. Thus, we must accurately resolve these unexplained problems by ac-
tivating or inactivating eel LH receptors. Research is currently underway to prove our
theory about the internalization, degradation, and recycling of GPCR. Mutations in LHRs
and FSHRs could affect receptor trafficking to the plasma membrane and cause fertility
disorders. Thus, the role of LHRs in male gonad development is crucial. A significant
challenge from a pharmacologic point of view is how to diminish cAMP signaling by
constitutively activating LHR without agonist treatment.

This suggests that agonist-mediated activation of eel LHR is regulated by the expres-
sion and loss of receptors on the cell surface for the activating mutant. However, results
with the inactivating mutant in the present study showed inconsistencies between the
cAMP response and cell-surface loss of receptors. This is otherwise the case for most
GPCRs. The signaling mechanisms of eel LHR mutants are yet to be thoroughly investi-
gated. Our results indicate that further studies are necessary to elucidate the signaling
mechanisms of glycoprotein hormone receptors in fish.

4. Materials and Methods
4.1. Materials

Oligonucleotides were synthesized by GenoTek (Daejeon, Republic of Korea). The
pGEM-T Easy cloning vector was purchased from Promega (Madison, WI, USA). The
mammalian expression vector, pCORON1000 SP VSV-G, was purchased from Amersham
Biosciences (Piscataway, NU, USA). The pcDNA3 expression vector, Lipofectamine-2000,
FreeStyle MAX transfection reagent, and FreeStyle CHO-S cells were obtained from In-
vitrogen (Carlsbad, CA, USA). OptiMEM and Ham’s F-12 media were purchased from
Gibco BRL (Grand Island, NY, USA). CHO-K1 and HEK 293 cells were obtained from the
Korean Cell Line Bank (KCLB, Seoul, Republic of Korea). The cAMP HTRF Assay Kit was
purchased from Cisbio (Codolet, France). The monoclonal antibody (5A11) used in the
ELISA analysis was produced in our lab, as previously reported [23]. The deglycosylation
PNGase kit was purchased from New England Biolabs (Ipswich, MA, USA). The 11A8 and
5A11 monoclonal antibodies were labeled with horseradish peroxidase (HRP) by Medexx,
Inc. (Seongnam, Republic of Korea). Fetal bovine serum (FBS) was obtained from HyClone
Laboratories (Logan, UT, USA). The QIAprep-Spin plasmid kit was purchased from Qiagen
Inc. (Hilden, Germany). Endonucleases and PCR reagents were purchased from Takara
Bio, Inc. (Shiga, Japan). Glass spinner and disposable flasks were provided by Corning
Inc. (Corning, NY, USA). All other reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA).
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4.2. Production and ELISA Analysis of Recombinant Eel LH (Rec-Eel LH)

The expression vectors were transfected into CHO-S cells for rec-eel LH production
using a previously described method [28]. Briefly, one day before transfection, cells were
passaged at 5 × 105 cells/mL. On the day of transfection, plasmid DNA (260 µg) and
FreeStyle MAX reagent (260 µL) were diluted with Opti-PRO SFM in a total volume of
8 mL, incubated for 10 min, and then added to the cells (200 mL). Cells were incubated at
37 ◦C in a humidified atmosphere of 8% CO2 on an orbital shaking platform rotating at
135 rpm. Finally, the culture media was collected on day 7 after transfection and centrifuged
at 100,000× g for 10 min at 4 ◦C. The supernatants were collected and concentrated using
either a Centricon filter or freeze-drying and then mixed with phosphate-buffered saline
(PBS). The concentration of rec-eel LH was determined using ELISA, which had been
previously standardized in our laboratory [24].

4.3. Enzymatic Deglycosylation and Western Blotting of Rec-Eel LH

For western blot analysis, the concentrated sample (40 µg) was mixed with 1 µL of
glycoprotein denaturing buffer and boiled at 100 ◦C for 10 min. After cooling on ice for
10 min, 2 µL GlycoBuffer 2, 2 µL 10% NP-40, 1 µL PNGase F, and distilled water were
added to the sample to obtain a total reaction volume of 20 µL. The samples were incubated
at 37 ◦C for 1 h. A 20 µg rec-eel LH sample and deglycosylated rec-eel LH were mixed
with 2 × loading buffer, boiled at 100 ◦C for 10 min, and then cooled on ice for 10 min.
The protein samples were separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) for 2 h. The proteins were transferred onto a polyvinylidene
difluoride membrane using a Bio-Rad Mini Trans-Blot electrophoresis cell (Hercules, CA,
USA). The membrane was incubated for 1 h with shaking in a 5% blocking solution in
TBS-T (20 mM Tris-HCl, pH 7.6, 140 mM NaCl, 0.1% Tween 20) at room temperature. The
membrane was incubated overnight at 4 ◦C with monoclonal anti-eel α-subunit antibody
11A8 diluted at 1:1500. The membrane was washed three times for 20 min with TBS-T and
incubated with goat anti-mouse IgG-HRP secondary antibody (diluted at 1:3000) for 1 h at
RT. The membranes were then washed three times, and protein bands were detected using
an enhanced chemiluminescence system.

4.4. Site-Directed Mutagenesis and Vector Construction

As previously described, mutations were generated using overlap extension poly-
merase chain reaction (PCR) [27]. Two different sets of PCRs were performed. Full-length
PCR products were purified and cloned into a pGEM-T easy vector. After DNA sequencing,
the mutant cDNAs were subcloned into the eukaryotic expression vector pCORON1000
SP VSV-G using Xho1 and EcoRI sites. We constructed the following receptor genes: eel
LHR-wt, D557G, and R476H. A schematic representation of the mutation sites for activating
(D576G) and inactivating (R476H) mutations in eel LHR is shown in Figure 1.

4.5. Transient Transfection

CHO cells were cultured in Ham’s F-12 medium containing 50 U/mL penicillin,
50 µg/mL streptomycin, 2 mM glutamine, and 10% FBS. HEK 293 cells were cultured in
Dulbecco’s Modified Eagle Medium containing 10 mM HEPES, 50 µg/mL gentamycin,
and 10% FBS). One day before transfection, CHO-K1 (2 × 105) and HEK 293 (5 × 105) cells
were seeded in 6-well plates. On the day of transfection, DNA was diluted with Opti-MEM
combined with Lipofectamine 2000 reagent, and the mixture was incubated for 20 min at
room temperature. Cells were washed twice, and the DNA–Lipofectamine complex was
added to each well. After 5–6 h, a medium containing 20% FBS was added to each well.
CHO cells were used for cAMP analysis 48 h after transfection. HEK 293 cells were used to
investigate the loss of surface receptors.
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4.6. SDS-Polyacrylamide Gel Electrophoresis and Western Blotting of Eel LH Receptors

The transfected cells were solubilized in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium deoxycholate) with protease inhibitors.
The extracted proteins were separated into 10% polyacrylamide gels. After SDS-PAGE,
the proteins were transferred onto a polyvinylidene difluoride membrane for 90 min in a
Mini Trans-Blot electrophoresis cell. The membrane was blocked with a 5% blocking buffer.
The membrane was reacted with a primary antibody, a rabbit anti-VSV-G tag monoclonal
antibody (Cell Signaling; 93372), diluted × 1000 times with a blocking solution overnight at
4C. The membrane was washed three times with TBS-T and incubated with goat anti-rabbit
IgG-HRP secondary antibody diluted 1:3000 with the blocking buffer for 1 h at RT and
washed by blocking solution. The membrane was then incubated for 5 min with 2 mL of
the Lumi-Light substrate solution. The membrane was covered with a second piece of
plastic wrap, and an X-ray film was exposed to the membrane for 30 min.

4.7. The cAMP Analysis by Homogeneous Time-Resolved Fluorescence (HTRF)

The cAMP accumulation in CHO-K1 cells expressing eel LHR-wt and activating and
inactivating mutants was measured using a cAMP Dynamic 2 competitive immunoassay
kit (Cisbio Bioassays, Codolet, France), as previously described [19]. Briefly, the assay
was conducted using two cAMP antibodies labeled with cryptate-conjugated anti-cAMP
monoclonal antibody and d2-labeled cAMP. Transfected cells were diluted in 0.5 mM IBMX
to inhibit cAMP degradation and seeded in 384-well plates (10,000 cells per well). Each well
was supplemented with 5 µL rec-eel LH, and the plate was incubated for cell stimulation
at RT for 30 min. The assay was terminated using detection reagents, cAMP- d2, and
anti-cAMP-cryptate (diluted five-fold in lysis buffer, 5 µL/well) for 1 h at RT. The cAMP
was detected by measuring the decrease in HTRF energy transfer (665 nm/620 nm) using
a Tristar2 SLB942 microplate reader (BERTHOLD Tech, Wildbad, Germany). The specific
signal-Delta F (energy transfer) is 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 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 Delta F% values were calculated using GraphPad Prism
software v.6.0 (GraphPad, Inc., La Jolla, CA, USA).

4.8. Agonist-Induced Loss in Cell-Surface Expression of Receptors

The loss of eel LHR at the cell surface was assessed using ELISA, as previously
described [19,40]. Cells were plated at a density of 6 × 105 per 60-mm dish and then
transfected with eel LHR-wt and mutant constructs. Cells were split into 96-well plates
(1 × 104 cells) coated with poly-D-lysine at 24 h post-transfection. The next day, cells were
pre-incubated with rec-eel LH (250 ng/mL) and rec-eCG (250 ng/mL) for time-dependent
analysis (0, 5, 15, 30, and 60 min). Cells were fixed with 4% paraformaldehyde in Dulbecco’s
PBS (DPBS) for 5 min. After washing twice with DPBS, cells were incubated with blocking
solution (Tris-buffered saline with 1% BSA) for 30 min, followed by incubation with rabbit
anti-VSVG antibody (1:1000) and HRP-conjugated anti-rabbit antibody (1:500) for 1 h. Cells
were washed thrice with a blocking solution, and 80 µL DPBS and 10 µL SuperSignal.

ELISA Femto Maximum substrate was added to each well. Luminescence was mea-
sured using a Cytation 3 plate reader. The expression level of eel LHR-wt was set to 100%
at 0 s. The cell-surface expression levels of wt and mutant eel LHRs were set to 100%
in untreated cells. The expression of cell-surface receptors was calculated by comparing
loss during agonist stimulation to the levels in untreated cells (taken as 0% of the loss of
cell-surface receptors).
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4.9. Data Analysis

The Multalin multiple sequence alignment tool was used for sequence analysis. Graph-
Pad Prism 6.0 (GraphPad, Inc.) was used for cAMP production analysis and cAMP EC50
values. GraFit 5.0 (Erithacus Software Limited, Surrey, UK) was used for stimulation
curve analyses. Curves fitted in a single experiment were normalized with respect to the
background signal in mock-transfected cells (Figure 4). The data for the mock-transfected
cells were subtracted from the results for cAMP levels and cell-surface receptors in the
transfected cells. Each curve was plotted using data from three independent experiments.
The results are expressed as the mean ± SD of a single representative experiment performed
in triplicate. Data were analyzed using one-way analysis of variance (ANOVA) followed
by Tukey’s comparison test with GraphPad Prism v.6.0 and indicated in the figure captions.
Statistical significance was determined at the following levels: * p < 0.05 and ** p < 0.01
indicated a significant difference between groups.

5. Conclusions

This study showed that a constitutively activating mutation of eel LHR (D576G)
resulted in a significant increase in basal cAMP production. The mutant displayed a
faster loss of cell-surface receptors than those observed for eel LHR-wt, despite reduced
cell-surface expression. For the inactivating mutant (eel LHR-R476H), cAMP signaling
was completely impaired by high agonist stimulation; however, the rate of loss of cell-
surface receptor was slightly higher than that of the activating mutant D576G and eel
LHR-wt. The findings of this study are crucial to our understanding of LHR function and
regulation with regard to mutations of highly conserved amino acids in the intracellular
loops of mammalian and/or fish glycoprotein hormone receptors. Future studies on the
mutations of glycoprotein hormone receptors should attempt to identify the mechanism
underlying the structure-function relationships of eel LHR–LH complexes in the cAMP
signaling pathway.

Author Contributions: S.-H.C. conducted the research; M.B. analyzed the data; D.-J.K. and J.-H.L.
contributed to the manuscript preparation and provided advice; 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 research was funded by the KOREAN RESEARCH FOUNDATION PROGRAM, grant
number 2021R1A2B5B01001602, and the NATIONAL INSTITUTE OF FISHERIES SCIENCE, grant
number R2023030, Republic of 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.; Liu, X.; Fabritz, J.; Jaquette, J.; Abell, A.N.; Ascoli, M. Mutations that induce constitutive activations and mutations

signal transduction modulate the basal and/or agonist-stimulated internalization of the lutropin/choriogonadotropin receptor. J.
Biol. Chem. 1998, 273, 34911–34919. [CrossRef] [PubMed]

2. Dufau, M.L. The luteinizing hormone receptor. Annu. Rev. Physiol. 1998, 60, 461–496. [CrossRef] [PubMed]
3. Tao, Y.X.; Abell, 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 lll. Mol. Endocrinol. 2000, 14, 1272–1282. [CrossRef]
[PubMed]

4. 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]

5. 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]

https://doi.org/10.1074/jbc.273.52.34911
https://www.ncbi.nlm.nih.gov/pubmed/9857020
https://doi.org/10.1146/annurev.physiol.60.1.461
https://www.ncbi.nlm.nih.gov/pubmed/9558473
https://doi.org/10.1210/mend.14.8.0503
https://www.ncbi.nlm.nih.gov/pubmed/10935550
https://doi.org/10.1074/jbc.M502102200
https://doi.org/10.1074/jbc.M703500200


Int. J. Mol. Sci. 2023, 24, 9133 14 of 15

6. Tao, X.Y. Inactivating mutations of G protein-coupled receptors and diseases: Structure-function insights and therapeutic
implications. Pharmacol. Ther. 2006, 111, 949–973. [CrossRef]

7. Meehan, T.P.; Narayan, P. Constitutive active luteinizing hormone receptors: Consequences of in vivo expression. Mol. Cell.
Endocrinol. 2007, 260–262, 294–300. [CrossRef]

8. McGee, S.R.; Narayan, P. Precocious puberty and Leydig cell hyperplasia in male mice with a gain of function mutation in the LH
receptor gene. Endocrinology 2013, 154, 3900–3913. [CrossRef]

9. Daussac, A.; Barat, P.; Servant, N.; Yacoub, M.; Missonier, S.; Lavran, F.; Gaspari, L.; Sultan, C.; Paris, F. Testotoxicosis without
testicular mass: Revealed by peripheral precocious puberty and confirmed by somatic LHCGR gene mutation. Endocr. Res. 2020,
45, 32–40. [CrossRef]

10. 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]

11. Senker, A. Activating mutations of the lutropin choriogonadotropin receptor in precocious puberty. Recept. Channels 2002, 8, 3–18.
[CrossRef]

12. Huhtaniemi, I.H.; Themmen, A.P. Mutations in human gonadotropin and gonadotropin-receptor genes. Endocrine 2005, 26,
207–217. [CrossRef] [PubMed]

13. Boot, A.M.; Lubbroso, S.; Verhoef-Post, M.; Richter-Unruh, A.; Looijenga, L.H.J.; Funaro, A.; Beishuizen, A.; van Marle, A.; Drop,
S.L.S.; Themmen, A.P.N. Mutation analysis of the LH receptor gene in Leydig cell adenoma and hyperplasia and functional and
biochemical studies of activating mutations of the LH receptor gene. J. Clin. Endocrinol. Metab. 2011, 96, E1197–E1205. [CrossRef]
[PubMed]

14. Latronico, A.C.; Arnhold, I.J. Inactivating mutations of LH and FSH receptors—From genotype to phenotype. Pediatr. Endocrinol.
2006, 4, 28–31.

15. Latronico, A.C.; Segaloff, D.L. Insight learned from L457R(3.43)R, an activating mutant of the human lutropin receptor. Mol. Cell.
Endocrinol. 2007, 260–262, 287–293. [CrossRef] [PubMed]

16. Latronico, A.C. Naturally occurring mutations of the luteinizing hormone receptor gene affecting reproduction. Semin. Reprod.
Med. 2000, 18, 17–20. [CrossRef]

17. 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]

18. Bradbury, F.A.; Kawate, N.; Foster, C.M.; Menon, K.M. 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]

19. Byambaragchaa, M.; Seong, H.K.; Choi, S.H.; Kim, D.J.; Kang, M.H.; Min, K.S. Constitutively activating mutants of equine
LH/CGR constitutively induce signal transduction and inactivating mutations impair biological activity and cell-surface receptor
loss in vitro. Int. J. Mol. Sci. 2021, 22, 10723. [CrossRef]

20. 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.

21. Byambaragchaa, M.; Park, A.; Gil, S.J.; Lee, H.W.; Ko, Y.J.; Choi, S.H.; Min, K.S. Luteinizing hormone-like and follicle- stimulating
hormone-like activities of equine chorionic gonadotropin β-subunits in cells expressing rat luteinizing hormone/chorionic
gonadotropin receptor and rat follicle-stimulating hormone receptor. Anim. Cells Syst. 2021, 3, 171–181. [CrossRef] [PubMed]

22. 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]

23. Kim, D.J.; Park, C.W.; Kim, D.W.; Park, H.K.; Byambaragchaa, M.; Lee, N.S.; Hong, S.M.; Kang, M.H.; Min, K.S. Production and
characterization of monoclonal antibodies against recombinant tethered follicle-stimulating hormone from Japanese eel Anguilla
japonica. Gen. Comp. Endocrinol. 2016, 233, 8–15. [CrossRef] [PubMed]

24. Min, K.S.; Park, J.J.; Lee, S.Y.; Byambaragchaa, 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] [PubMed]

25. 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]

26. Lee, S.Y.; Byambaragchaa, M.; Choi, S.H.; Kang, H.J.; Kang, M.H.; Min, K.S. Roles of N-linked and O-linked glycosylation sites in
the activity of equine chorionic gonadotropin in cells expressing rat luteinizing hormone/chorionic gonadotropin receptor and
follicle-stimulating hormone receptor. BMC Biotechnol. 2021, 21, 52. [CrossRef]

27. 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 receptors. Int. J. Mol. Sci. 2020, 21, 7075. [CrossRef]

28. Byambaragchaa, M.; Ahn, T.Y.; 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. 2022, 3, 399–409. [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]

https://doi.org/10.1016/j.pharmthera.2006.02.008
https://doi.org/10.1016/j.mce.2006.03.045
https://doi.org/10.1210/en.2012-2179
https://doi.org/10.1080/07435800.2019.1645163
https://doi.org/10.1038/365652a0
https://doi.org/10.3109/10606820212138
https://doi.org/10.1385/ENDO:26:3:207
https://www.ncbi.nlm.nih.gov/pubmed/16034174
https://doi.org/10.1210/jc.2010-3031
https://www.ncbi.nlm.nih.gov/pubmed/21490077
https://doi.org/10.1016/j.mce.2005.11.053
https://www.ncbi.nlm.nih.gov/pubmed/17055147
https://doi.org/10.1055/s-2000-13472
https://doi.org/10.1073/pnas.92.6.1906
https://doi.org/10.1074/jbc.272.9.5921
https://doi.org/10.3390/ijms221910723
https://doi.org/10.1080/19768354.2021.1943708
https://www.ncbi.nlm.nih.gov/pubmed/34262660
https://doi.org/10.1016/j.ygcen.2018.07.015
https://www.ncbi.nlm.nih.gov/pubmed/30056138
https://doi.org/10.1016/j.ygcen.2016.04.030
https://www.ncbi.nlm.nih.gov/pubmed/27174750
https://doi.org/10.1186/s12896-020-00653-8
https://www.ncbi.nlm.nih.gov/pubmed/33176770
https://doi.org/10.1186/s12896-019-0550-6
https://doi.org/10.1186/s12896-021-00712-8
https://doi.org/10.3390/ijms21197075
https://doi.org/10.5713/ab.21.0246
https://doi.org/10.1074/jbc.271.50.31813


Int. J. Mol. Sci. 2023, 24, 9133 15 of 15

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. Pharmacol. 1998, 53, 894–901.

31. 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] [PubMed]

32. 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]

33. 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]

34. 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 modulated of NTSR1 selectively attenuates addictive behaviors. Cell 2020, 181, 1364–1379.
[CrossRef] [PubMed]

35. Byambaragchaa, M.; Park, H.K.; Kim, D.J.; Lee, J.H.; Kang, M.H.; Min, K.S. The N-linked glycosylation site N191 is necessary for
PKA signal transduction in eel follicle-stimulating hormone receptor. Int. J. Mol. Sci. 2022, 23, 12792. [CrossRef]

36. 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]

37. 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]

38. 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]

39. Jacobsen, S.E.; Ammendrup-Johnsen, I.A.; 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]

40. 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]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1006/bbrc.1996.0528
https://www.ncbi.nlm.nih.gov/pubmed/8607787
https://www.ncbi.nlm.nih.gov/pubmed/7593421
https://www.ncbi.nlm.nih.gov/pubmed/29018878
https://doi.org/10.1016/j.cell.2020.04.053
https://www.ncbi.nlm.nih.gov/pubmed/32470395
https://doi.org/10.3390/ijms232112792
https://doi.org/10.1677/jme.1.01745
https://doi.org/10.1111/j.1476-5381.2009.00598.x
https://doi.org/10.1016/j.febslet.2015.01.019
https://doi.org/10.1074/jbc.M116.762385
https://doi.org/10.1074/jbc.M113.526350

	Introduction 
	Results 
	Preparation of Eel LHR Mutants and Their Cell-Surface Expression 
	Expression and Western Blot Analysis of Rec-Eel LH 
	cAMP Responsiveness Induced by Agonists in Activating and Inactivating Mutants 
	Loss in Cell-Surface Receptor by Agonist Treatment 

	Discussion 
	Materials and Methods 
	Materials 
	Production and ELISA Analysis of Recombinant Eel LH (Rec-Eel LH) 
	Enzymatic Deglycosylation and Western Blotting of Rec-Eel LH 
	Site-Directed Mutagenesis and Vector Construction 
	Transient Transfection 
	SDS-Polyacrylamide Gel Electrophoresis and Western Blotting of Eel LH Receptors 
	The cAMP Analysis by Homogeneous Time-Resolved Fluorescence (HTRF) 
	Agonist-Induced Loss in Cell-Surface Expression of Receptors 
	Data Analysis 

	Conclusions 
	References

