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ABSTRACT
To identify the specific region of eCG involved in FSH-like activity, the following mutant expression
vectors were constructed targeting the amino acid residues 102–104 of the eCG β-subunit: single
mutants, eCGβV102G/α, eCGβF103P/α, and eCGβR104K/α; double mutants, eCGβV102G;F103P/α,
eCGβV102G;R104K/α, and eCGβF103P;R104K/α; triple mutant, eCGβV102G;F103P;R104K/α. The
LH-like and FSH-like activities of eCG mutants were examined in CHO-K1 cells expressing rat LH/
CG receptor and rat FSH receptor. The levels of eCGβV102G/α, eCGβR104K/α, and eCGβV102G;
R104K/α in the culture supernatant were markedly lower than those of eCGβ/α-wt. The other
mutants and rec-eCGβ/α-wt were efficiently secreted into the culture supernatant. The LH-like
activities of eCGV104G/α, eCGβV102G;R104K/α, and eCGβF103P;R104K/α were approximately
61%, 52%, and 54%, respectively, of those of eCG-wt. The Rmax values of the mutants were
58.9%–78.8% those of eCG-wt with eCGβR104K/α exhibiting the lowest value. The FSH-like
activities of single mutants were only 16%–20% of those of eCG-wt. Additionally, the FSH-like
activity of double mutants was less than 10% of that of eCG-wt. In particular, the FSH-like
activities of βV102G;R104K/α and βF103P;R104K/α were 2.5–2.9% of that of eCG-wt. These
results suggest that the amino acid residues 102–104 of the eCG β-subunit are dispensable and
that the residue 104 of the eCG β-subunit plays a pivotal role in signal transduction through the
rat FSH receptor. Thus, these mutants may aid future studies on eCG interactions with
mammalian FSH receptors in vitro and in vivo.
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Introduction

Equine chorionic gonadotropin (eCG) is a unique
member of the glycoprotein hormone family as it exhi-
bits both luteinizing hormone (LH)-like and follicle-sti-
mulating hormone (FSH)-like activities in non-equid
species (Stewart and Allen 1981; Apparailly and Combar-
nous 1994; Chopineau et al. 2001; Galet et al. 2009; Min
et al. 2004, 2019). The administration of eCG increases
the ovulation rates (Pacala et al. 2010; Garcia-Ispierto
et al. 2012; Sim and Min 2014; Sim et al. 2017). Mice
were superovulated by injection of eCG and then
human CG (hCG) after 48 h, and prostaglandin E2 is a
key paracrine mediator of ovulation in granulosa cell
proliferation (Lundberg et al. 2020). However, eCG exhi-
bits only LH-like activity in equidaes (Galet et al. 2009).
eCG is produced by the endometrial cups of placenta
after the first trimester (Murphy and Martinuk 1991)

and hCG is expressed from placenta at high levels
soon after fertilization (Jameson and Hollenberg 1993;
Kim et al. 2020).

eCG comprises a common α-subunit and a hormone-
specific β-subunit (Pierce and Parsons 1981). The β-sub-
units of eCG and eLH, which are translated from the
same gene, have identical primary structures (Sherman
et al. 1992). However, eCG and eLH exhibit differential
glycosylation patterns with eCG containing sialylated
oligosaccharides and eLH containing sulfated oligosac-
charides (Smith et al. 1993; Matsui et al. 1994). The
eCG α-subunit contains two N-linked glycosylation
sites at the amino acid residues 56 and 82, while the
eCG β-subunit contains only one N-linked glycosylation
site at the amino acid residue 13 (Sugino et al. 1987; Min
et al. 2004). Additionally, the eCG β-subunit contains
approximately 12 O-linked glycosylation sites in the
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carboxyl-terminal peptide (CTP) region (Bousfield et al.
1985). Among all known glycoprotein hormones, eCG
has the highest carbohydrate content (more than 40%)
(Aggarwal and Papkoff 1981). Thus, eCG has unique bio-
logical functions and carbohydrate profiles.

Previous studies examining the LH-like activity of gly-
coprotein hormones have revealed that the Asn56 and
Asn52 glycosylation sites of the eCG α-subunit (Min et al.
1996, 2004, 2019) and hCG α-subunit (Bielinska et al.
1989; Matzuk et al. 1989), respectively, play an essential
role in signal transduction. Similarly, the Asn56 and Asn52

glycosylation sites of eFSH α-subunit (Saneyoshi et al.
2001) and hFSH α-subunit (Bishop et al. 1994; Flack et al.
1994; Valoveet al. 1994) are critical for signal transduction.
Thesefindings indicated that theAsn52 andAsn56 glycosy-
lation sites of α-subunit mediated the LH-like and FSH-like
activities of eCG, eFSH, hCG, and hFSH.

Previously, we had reported that the FSH-like activity
of dimeric recombinant eCGαΔ56/β (rec-eCGαΔ56/β)
was similar to that of wild-type eCG (Min et al. 1996;
Saneyoshi et al. 2001). Additionally, the single-chain
rec-eCGβ/αΔ56 mutant exhibited slightly decreased
FSH-like activity in the primary cultures of rat granulosa
cells (Min et al. 2004). However, the FSH-like activities of
various mutants were similar in vivo. The proportion of
nonfunctional oocytes in the rec-eCG-treated groups
(2%) was significantly lower than that in the native
eCG-treated group (Min et al. 2019). Recently, microarray
analysis revealed the differentially expression of ovu-
lation-related genes between the rec-eCG-treated and
native-eCG -treated groups (Min et al. 2020). Thus, the
FSH-like activity of eCG, which varies in vitro and in
vivo, is dependent on the glycosylation sites.

The FSH-like activity of the eCG β-subunit mutant in
which the residues 94–96 were substituted with
alanine was completely inhibited (Park et al. 2010). The
residues 102–104 of the β-subunit mediated the
binding of eCG to the FSH receptor (FSHR) (Chopineau
et al. 2001). A recent study reported that the superovu-
lation rate and embryo development were not markedly
different between the rec-eCG-treated and natural-eCG-
treated groups irrespective of the mouse strain (Crispo
et al. 2021). The dose of hFSH 37LVY39→37AAA39 β-
subunit mutant required to elicit cyclic adenine mono-
phosphate (cAMP) response was higher than that of
wild-type hFSH. This is indicated that the receptor
ability of the mutant was lower that of wild-type hFSH.
Additionally, the half-maximal effective dose (ED50) of
the Q48A mutant was higher than that of wild-type
hFSH, which was consistent with the decreased receptor
binding activity of the Q48A mutant (Roth and Dias
1996). A synthetic peptide corresponding to residues
34–37 (TRDL) of the hFSH β-subunit promotes the

onset of puberty in immature male and female mice
(Grasso et al. 1997). Crystal structure analysis revealed
that the disulfide bond formation between Cys 26 and
Cys 110 of the hCG β-subunit is completed after the
interaction between α and β subunits (Huth et al.
1992; Lapthorn et al. 1994). Additionally, intercysteine
loop sequence 93–100 of β-subunit is critical for hCG
activity (Keutmann et al. 1989).

In this study, the homology of subunit sequence from
CGandFSHwas comparatively analyzed todetermine the
specific sites mediating the FSH-like activity other than
the glycosylation sites. The amino acid residues 102–
104 of the hCG β-subunit, hFSH β-subunit, and eFSH β-
subunit were comparatively analyzed. The single-chain
mutants of eCG were constructed by substituting the
amino acid residues V102, F103, and R104 of the eCG β-
subunit with G102, P103, and K104, respectively. The follow-
ing seven mutants were constructed: single mutants,
eCGβV102G, eCGβF103P, and eCGβR104K; double
mutants, eCGβV102G;F103P, eCGβV102G;R104K, and
eCGβF103P;R104K; triple mutant, eCGβV102G;F103P;
R104K. The mutants were transfected into CHO-S cells
for the production of rec-eCGmutants. Finally, the activi-
ties of rec-eCG mutants were examined in cells expres-
sing rat LH receptor (rLHR) and rat FSHR (rFSHR) in vitro.
The findings of this study indicated that the amino acid
residues 102–104 of the eCG β-subunit weremore impor-
tant for mediating the FSH-like activity than mediating
the LH-like activity.

Materials and methods

Materials

Polymerase chain reaction (PCR) reagents were purchased
from Takara Inc. (Osaka, Japan). The primers were syn-
thesized by GenoTech (Daejeon, Korea). The pcDNA3
mammalian expression vector, Chinese hamster ovary
(CHO)-suspension (CHO-S) cells, FreeStyle CHO medium,
FreeStyleTM MAX transfection reagent, antibiotics (penicil-
lin and streptomycin), LipofectamineTM-3000 reagents,
and anti-myc antibody were purchased from Invitrogen
(Carlsbad, CA, USA). The CHO-K1 cells were obtained
from the Japanese Cancer Research Resources Bank
(Tokyo, Japan). pGEMTeasy, Ham’s F-12 medium, Opti-
MEM 1, and CHO-S-serum-free medium (SFM) II were
obtained from Gibco BRL (Grand Island, NY, USA). The
pCORON1000 SP VSV-G tag and enhanced chemilumines-
cence (ECLTM) detection system for western blot analysis
were purchased from GE Healthcare (USA). The homo-
geneous time-resolved fluorescence (HTRF) cAMP assay
kit was purchased from Cisbio (Codolet, France). The
pregnant mare serum gonadotropin (PMSG) enzyme-
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linked immunosorbent assay (ELISA) kit was obtained
from DRG International Inc. (Mountainside, NJ, USA).
The QIAprep-Spin plasmid kits were purchased from
Qiagen Inc. (Hilden, Germany). Disposable spinner flasks
were purchased from Corning Inc. (Corning, NY, USA).
Centrifugal filter devices were purchased from Amicon
Bio (Billerica, MA, USA). eCG α-subunit and β-subunit
cDNAs were prepared as previously reported (Min et al.
2019). All other reagents used in this experiment were
obtained from Sigma-Aldrich (St. Louis, MO, USA) or
Wako Pure Chemicals.

Construction of single-chain eCGβ/α mutants

An overlap extension PCR with eCG α-subunit and β-
subunit cDNAs was performed to generate single-chain
mutants as described previously (Min et al. 2019). Two
different sets of PCR primers were used to amplify each
mutant fragment. In the first PCR, the forward primer of
the β-subunit and the reverse primer of each mutant
point were used to amplify the first fragment. The second
fragment was amplified with the forward primer of each
mutant point and the reverse primer of the α-subunit car-
boxyl-terminal region, including the stop codon. In the
second PCR, the amplified fragments from the first PCR
were used as a template to amplify the single-chain (teth-
ered) eCG as shown in Figure 1. Next, myc-tag single-
chain eCGβ/α was also constructed using the same
method. A 10-amino acid myc-tag was added between
thefirst and secondamino acids of the eCGmatureprotein.

The common regions among the eCG β-subunit, eFSH
β-subunit, and hFSH β-subunit and hCG β-subunit were
comparatively analyzed (Figure 1). To construct the
mutants (targeting the amino acid residues 102, 103,
and 104) of the eCG β-subunit, single-chain wild-type
eCG (eCG β/α-wt) cDNA was used as a template. The

amplicons obtained from second PCR were cloned into
the pGEMTeasy vector. The plasmids were extracted
and sequenced to confirm the Kozak site, myc-tag,
mutation, and PCR errors. Next, the plasmids cloned
into pGEMTeasy were digested with EcoRI and SalI and
subcloned into the EcoRI and XhoI sites of the eukaryotic
expression vector pcDNA3. The following eight expres-
sing vectors were constructed: pcDNA3-eCG β/α-wt,
pcDNA3-eCGβV102G/α, pcDNA3-eCGβF103P/α, pcDNA3-
eCGβR104K/α, pcDNA3-eCGβV102G;F103P/α, pcDNA3-
eCGβV102G;R104K/α, pcDNA3-eCGβF103P;R104K/α, and
pcDNA3-eCGβV102G;F103P;R104K/α. The schematic dia-
grams of single-chain eCGmutants are shown in Figure 1.

Expression of rec-eCGβ/α mutants in CHO-Scells

The mammalian vectors expressing eCGβ/α mutants
were transfected into CHO-S cells using the FreeStyle
MAX reagent, following the manufacturer’s instructions.
Briefly, the CHO-S cells (1 × 107 cells/30 mL) were cul-
tured in FreeStyle CHO expression medium for 3 days.
One day before transfection, the cells (5–6 × 105 cells/
mL) were passaged with CHO expression medium
(125 mL) in a disposable spinnerflask.On thedayof trans-
fection, the cell density was approximately 1.2–1.5 ×
106 cells/mL. Next, DNA (160 μg) was mixed with 1.2 mL
of OptiPRO SFM, while FreeStyle MAX reagent (160 μL)
for transfection was mixed with 1.2 mL of the OptiPRO
SFM. The two media were mixed and incubated for
5 min at room temperature. The cells were incubated
with the complex (2.4 mL) in a cell suspension flask. To
analyze the levels of rec-eCG proteins, the culture
medium was collected at 72 h post-transfection. The
culture medium was centrifuged at 15,000 rpm at 4°C
for 10 min to remove cell debris and the supernatant
was stored at −80°C until analysis. The sample was

Figure 1. Schematic diagram of single chain equine chorionic gonadotropin (eCGβ/α) proteins with mutant residues 102–104 of the
β-subunit. (A) Comparative analysis revealed that the amino acid residues 102–104 of the β-subunit were markedly different between
eCG and follicle-stimulating hormone. Thus, the valine102, phenylalanine103, and arginine104 of the eCG β-subunit were substituted
with glycine, proline, and lysine, respectively. (B) Identification of single-chain eCGβ/α-wt. Myc-tag was inserted between the first
amino acid and second amino acid of the β-subunit of the mature protein. The single-chain eCGβ/α-wt protein with myc-tag com-
prised 255 amino acids. The following eight expression vectors were constructed: designated as pcDNA3-eCGβ/α-wt, pcDNA3-
eCGβV102G/α, pcDNA3-eCGβF103P/α, pcDNA3-eCGβR104K/α, pcDNA3-eCGβV102G;F103P/α, pcDNA3-eCGβV102G;R104K/α,
pcDNA3-eCGβF103P;R104K/α, and pcDNA3-eCGβV102G;F103P;R104K/α.
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aliquoted (1 mL) for ELISA analysis, while the remaining
samples was concentrated approximately 10 times
using freezer-drying. The concentrated samples were
subjected to ELISA, western blotting, and biological
activity assay analyses.

Quantitation of rec-eCGβ/α proteins

The rec-eCG proteins were quantified using PMSG ELISA
with anti-PMSG monoclonal antibody, horseradish per-
oxidase-conjugated secondary antibody, and 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate, following the
manufacturer’s instructions. The culture medium
(100 μL) was dispensed into the wells of a 96-well micro-
plate coated with a monoclonal antibody against a
unique antigenic site on the eCG molecule. The reaction
mixture was incubated for 60 min at room temperature
and washed thrice with distilled water, followed by incu-
bation with 100 μL of horseradish peroxidase-conju-
gated secondary antibody for 60 min at room
temperature. The samples were washed five times with
300 µL of distilled water and incubated with TMB
(100 μL) for 30 min at room temperature. Further, the
sample was incubated with 50 μL of stop solution and
the absorbance of the reaction mixture at 450 nm was
measured using a plate reader within 30 min.

Western blotting analysis

The concentrated samples were subjected to sodium
dodecyl sulfate-polyacrylamide gels (SDS-PAGE) using
a 12.5% gel, following the protocols of Laemmli (1970).
The resolved proteins were electroblotted to a polyviny-
lidene difluoride membrane (0.2 µm) for 2 h using the
Bio-Rad Mini Trans-Blot Electroblotter apparatus. The
membrane was blocked with a 1% blocking reagent
for 1 h and incubated with monoclonal mouse anti-
myc-tag antibody (1:5000) for 1–2 h. Next, the mem-
brane was washed to remove the unbound antibody
and incubated with horseradish peroxidase-conjugated
anti-mouse IgG secondary antibodies for 30 min. The
membrane was then washed, incubated for 1–5 min
with 2 mL ECLTM western blotting detection reagents,
and exposed to an X-ray film for 1–10 min.

Construction of rat luteinizing hormone/
chorionic gonadotropin receptor (rLH/CGR) and
rat FSHR (rFSHR) expression vector

The rLH/CGR and rFSHR encoding sequences were
cloned into the pcDNA3 expression vector and the
recombinant plasmids were transfected into CHO-K1
cells as previously reported (Park et al. 2009). The

amplified rLH/CGR and rFSHR sequences were cloned
into the pcDNA3 mammalian expression vector at the
EcoRI and XhoI sites (designated as pcDNA3-rLH/CGR
and pcDNA3-rFSHR, respectively). Additionally, the rLH/
CGR and rFSHR cDNAs were subcloned into the eukary-
otic expression vector pCORON 1000SP VSV-G tag for
transfection (designated as pVSVG-rLH/CGR and
pVSVG-rFSHR, respectively) (Park et al. 2017).

Transient transfection into the CHO-K1 cells

The CHO-K1 cells were transfected using the previously
reported liposome transfection method (Byambarag-
chaa et al. 2020). The CHO cells were cultured in
growth medium [Ham’s F-12 media supplemented
with penicillin (50 U/mL), streptomycin (50 µg/mL), glu-
tamine (2 mM), and 10% fetal bovine serum] to 80%–
90% confluency in six-well plates. The cells were trans-
fected with diluted plasmid DNA-Lipofectamine 3000
complex for 5 h. Next, the cells were cultured in CHO
growth medium supplemented with 20% fetal bovine
serum. The CHO growth medium was replaced at 24 h
post-transfection. The transfected cells were seeded
into a 384-well plate (104 cells per well) and subjected
to cAMP analysis at 48–72 h post-transfection.

cAMP analysis using HTRF assays

The levels of cAMP in CHO-K1 cells were measured using
the cAMP Dynamics 2 competitive immunoassay kits.
Briefly, the CHO-K1 cells transfected with wild-type
rLHR and rFSHR were seeded (10,000 cells per well)
into a 384-well plate at 48 h post-transfection). In this
assay, a cryptate-conjugated anti-cAMP monoclonal
antibody and d2-labeled cAMP were used. To prevent
cAMP degradation, MIX was added to the cell dilution
buffer. The concentration range of the standard
samples was 0.17–712 nM. The cells were stimulated
with the agonist for 30 min at room temperature. Next,
the cells were incubated with cAMP-d2 (5 µL) and anti-
cAMP-cryptate antibodies (5 µL) at room temperature
for 1 h after sealing the wells. cAMP was detected by
measuring the decrease in HTRF energy transfer
(665 nm/620 nm) using an Artemis K-101 HTRF micro-
plate reader (Kyoritu Radio, Tokyo, Japan). The delta F
% (energy transfer) value is inversely proportional to
the concentration of cAMP in the standard or sample.
The results were expressed as delta F% (cAMP inhibition)
as follows:

[Delta F% = (standard or sample ratio− sample negative)

× 100/rationegative].
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The cAMP concentrations were calculated using Prism
software (GraphPad, Inc., La Jolla, CA, USA).

Data analysis

The sequences were compared using the Multalin inter-
face-multiple sequence alignment tool. The dose–
response curves were analyzed from experiments per-
formed in duplicates. The cAMP levels in the transfected
cells were subtracted from those in the mock-trans-
fected cells. GraphPad Prism 6.0 was used to analyze
cAMP production, EC50 values, and stimulation curves.
The curves fitted in a single experiment were normalized
to the background signal measured in the mock-trans-
fected cells (Figures 4 and 5). The results are expressed
as mean ± standard error from three independent exper-
iments. The data were analyzed using one-way analysis
of variance, followed by Tukey’s comparison tests with
GraphPad Prism 6.0. The differences were considered
significant at p < 0.05.

Results

Secretion quantities of rec-eCG mutants from
CHO-S cells

The culture supernatant of CHO-S cells transiently trans-
fected with the expression vectors of rec-eCG mutants
was collected at 72 h post-transfection to quantify the
levels of rec-eCG mutants using ELISA (Figure 2). The
levels of rec-eCGβ/α-wt (589 ± 50 mIU/mL) and rec-
eCGβF103P/α mutant (554 ± 43 mIU/mL) were similar
in the culture supernatant. However, the levels of rec-
eCGβV102G/α (263 ± 32 mIU/mL) and rec-eCGβR104 K/
α mutants (421 ± 45 mIU/mL) in the culture supernatant
were markedly lower than those of rec-eCGβ/α-wt. This
indicated that the amino acid residues 102 and 104 of
the eCG β-subunit were critical for the secretion of
eCG into the culture medium. Furthermore, the levels
of rec-eCGβV102G;F103P/α, rec-eCGβV102G;R104 K/α,
and rec-eCGβF103P;R104 K/α in the culture supernatant
were 528 ± 63, 342 ± 51, and 432 ± 65 mIU/mL, respect-
ively. Compared with that of rec-eCGβ/α-wt, the level
of rec-eCGβF103P;R104K/α was slightly lower but the
level of rec-eCGβV102G;R104K/α was markedly lower in
the culture supernatant. This indicated that the amino
acid residue 102 of the eCG β-subunit markedly
influence the secretion of eCG. The levels of rec-
eCGβV102G;F103P;R104 K/α (398 ± 41 mIU/mL) in the
culture supernatant were slightly higher than those of
rec-eCGβV102G;R104 K/α. Although the levels of rec-
eCG mutants in the culture supernatant were not ana-
lyzed over time post-transfection, the residue 102 of

the eCG β-subunit appears to be more important for
eCG secretion into the culture medium than the residues
103 and 104.

Western blot analysis of rec-eCGβ/α proteins

Next, the molecular weight of rec-eCGβ/α proteins was
determined using western blotting. The molecular
weight of rec-eCG was approximately 40–46 kDa
(Figure 3). Additionally, the molecular weight of the
mutants was similar. The appearance of the broad
protein band is attributed to the oligosaccharide modifi-
cations in rec-eCG. The band density of the mutant pro-
teins was slightly lower than that of the eCG-wt.
However, we suggest that this is due to the differential
binding of the antibody to the rec-eCG mutants as the
structure of rec-eCG mutants is modified with the
amino acid substitution.

In vitro LH-like activity of rec-eCG mutants in
cells expressing rLH/CGR

The in vitro LH-like activity of the rec-eCG mutants was
analyzed using CHO-K1 cells expressing rLH/CGR. The
ability of the rec-eCG mutants to elicit a cAMP response
is shown in Figure 4. The EC50 and Rmax values of rec-
eCGβ/α-wt were 0.020 nM/mL and 43.9 ± 0.9 nM/104

cells, respectively (Table 1). This indicated that rec-
eCGβ/α-wt exhibited potent LH-like activities. The
dose-response curves of the seven mutants for eliciting
cAMP response through LH-like activity shifted slightly
to the right (Figure 4). The EC50 values of rec-
eCGβV102G/α, rec-eCGβF103P/α, and rec-eCGβR104 K/

Figure 2. Quantification of rec-eCGβ/α mutants. The culture
media were collected at 72 h post-transfection and centrifuged.
The levels of rec-eCGβ/α proteins were analyzed using enzyme-
linked immunosorbent assay as described in the Methods
section. The data are represented as mean ± standard error of
mean from at least three independent experiments. Values
with different superscripts are significantly different (P < 0.05).
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α were approximately 0.015, 0.018, and 0.033 ng/mL,
respectively. The LH-like activity of rec-eCGβR104 K/α
was 61% of that of eCGβ/α-wt. This indicated that the
amino acid residue 104 of the eCG β-subunit was critical
for the LH-like activity. The EC50 values of rec-
eCGβV102G;F103P/α, rec-eCGβV102G;R104 K/α, and

rec-eCGβF103P;R104 K/α were 0.016, 0.038, and
0.037 ng/mL, respectively (Figure 4A–C). The LH-like
activity of rec-eCGβV102G;F103P/α was 125% of that of

Figure 3.Western blot analysis of rec-eCGβ/αmutants. The pro-
teins in the conditioned media were concentrated 5–10 times.
The rec-eCGβ/α proteins were resolved using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to a
blotting membrane. The proteins were detected using anti-
myc-tag primary antibodies and horseradish peroxidase-conju-
gated goat anti-mouse IgG secondary antibodies.

Figure 4. Effect of recombinant equine chorionic gonadotropin (rec-eCG) β-subunit mutants on cyclic adenine monophosphate
(cAMP) production in cells expressing rat luteinizing hormone/chorionic gonadotropin receptor (rLH/CGR). Cells transiently trans-
fected with rLH/CGR were seeded in 383-well plates (10,000 cells per well) on day 1 post-transfection and incubated with rec-eCG
proteins for 30 min at room temperature. cAMP production was detected using a homogeneous time-resolved fluorescence assay.
cAMP accumulation is represented as delta F%. cAMP concentrations were calculated using GraphPad Prism software. The results
of the mock-transfected cells were subtracted from each dataset (see Methods). Each data point represents mean ± standard error
of mean from triplicate experiments. The mean data were fitted to the equation for generating a one-phase exponential decay
curve. The blank circles show the same curves as the wild-type receptor. The open circle was shown the eCG β/α-wt and black
circles were indicated each eCG mutants in the 102–104 amino residue of eCG β-subunit. (A) eCGβV102G/α; (B) eCGβF103P/α; (C)
eCGβR104K/α; (D) eCGβV102G;F103P/α; (E) eCGβV102G;R104K/α; (F) eCGβF103P;R104K/α; (G) eCGβV102G;F103P;R104K/α.

Figure 5. The Rmax values of wild-type and mutant recombi-
nant equine chorionic gonadotropin (rec-eCGβ/α) in cells
expressing rLH/CGR. Data are represented as mean ± standard
deviation from triplicate experiments. Values with different
superscripts were significantly different (P < 0.05).
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eCGβ/α-wt (Figure 4D). However, the LH-like activities of
rec-eCGβV102G;R104 K/α and rec-eCGβF103P;R104 K/α
were 52% and 54% of that of eCGβ/α-wt, respectively
(Figure 4E and F). The LH-like activity of rec-
eCGβV102G;F103P;R104 K/α was 153% of that of eCGβ/

α-wt. The Rmax values of all mutants were 61.9%–
78.8% of those of eCGβ/α-wt (Table 1). eCGβR104 K/α
exhibited the lowest Rmax value (58.9% of that of
eCGβ/α-wt) (Figure 5). Thus, the amino acid residue
104 of the eCG β-subunit plays a pivotal role in signal
transduction for eliciting cAMP response through rLHR.

In vitro FSH-like activity of rec-eCG mutant in
cells expressing rFSHR

The in vitro FSH-like activity of rec-eCG mutants was
assessed using CHO-K1 cells expressing rFSHR. Rec-
eCGβ/α-wt dose-dependently increased cAMP level.
However, the dose-response curves of all mutants mark-
edly shifted to the right (Figure 6). The EC50 and Rmax
values of rec-eCGβ/α-wt were 0.16 ng/mL and 55.5 ±
1.3 nM/104 cells, respectively, which indicated potent
activity (Table 2). The FSH-like activity of all mutants
was significantly lower than that of eCGβ/α-wt. The
EC50 values of rec-eCGβV102G/α, rec-eCGβF103P/α,
and rec-eCGβR104K/α were approximately 0.79, 0.99,
and 0.98 ng/mL, respectively (Figure 6A–C). The FSH-
like activities of single mutants were approximately
16%–20% of those of eCGβ/α-wt. Meanwhile, the FSH-

Table 1. LH-like bioactivity of rec-eCG mutants in cells
expressing rat LH/CG receptor.

rec-eCG mutants

cAMP responses

Basala (nM/
104 cells)

EC50
b (ng/
mL)

Rmaxc (nM/104

cells)

rec-eCGβ/α-wt 2.7 ± 1.2 0.020 (100%) 43.9 ± 0.9 (100%)
rec-eCGβV102G/α 2.1 ± 1.0 0.015 (133%) 30.1 ± 0.7 (68.6%)
rec-eCGβF103P/α 2.6 ±⍰0.9 0.018 (111%) 27.2 ± 0.7 (61.9%)
rec-eCGβR104K/α 1.8 ± 0.8 0.033 (61%) 25.9 ± 0.6 (58.9%)
rec-eCGβV102G;
F103P/α

2.1 ± 0.9 0.016 (125%) 33.2 ± 0.6 (75.6%)

rec-eCGβV102G;
R104K/α

3.1 ± 0.9 0.038 (52%) 33.8 ± 0.7 (76.9%)

rec-eCGβF103P;
R104K/α

2.0 ± 0.9 0.037 (54%) 34.6 ± 0.7 (78.8%)

rec-eCGβV102G;
F103P;R104K/α

2.3 ± 0.9 0.013 (153%) 28.2 ± 0.6 (64.2%)

Values are the means ± SEM of triplicate experiments. The half maximal
effective concentration (EC50) values were determined from the concen-
tration-response curves from in vitro bioassays. The cAMP responses of
the basal and Rmax in rec-eCG β/α-wild type were shown as 100%.

aBasal cAMP level average without agonist treatment.
bHalf maximal effective concentration.
cRmax average cAMP level/104 cells.

Figure 6. Effect of recombinant equine chorionic gonadotropin (rec-eCG) β-subunit mutants on cyclic adenine monophosphate
(cAMP) production in Chinese hamster ovary (CHO)-K1 cells expressing rat follicle-stimulating hormone receptor (rFSHR). Rec-
eCGβ/α proteins dose-dependently increased cAMP production in CHO-K1 cells transiently expressing rFSHR. The cAMP levels in
cells were measured at 48–72 h post-transfection (see Methods for details). The cAMP values were calculated using GraphPad
Prism. The open circle was shown the eCG β/α-wt and black circles were indicated each eCG mutants in the 102–104 amino
residue of eCG β-subunit. (A) eCGβV102G/α; (B) eCGβF103P/α; (C) eCGβR104K/α; (D) eCGβV102G;F103P/α; (E) eCGβV102G;R104K/α;
(F) eCGβF103P;R104K/α; (G) eCGβV102G;F103P;R104K/α.
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like activities of rec-eCGβV102G;F103P/α, rec-
eCGβV102G;R104K/α, and rec-eCGβF103P;R104K/α
were 9.1%, 2.9%, and 2.5% of those of rec-eCGβ/α-wt
(Figure 6D–F). Similarly, the EC50 value of rec-
eCGβV102G;F103P;R104K/α was 5.6% of that of eCGβ/
α-wt (Figure 6G). The activities of the double mutant
and triple mutant were less than 10% of those of
eCGβ/α-wt. This suggested that the amino acid residues
102–104 of the eCG β-subunit co-operatively mediate
signal transduction in cells expressing rFSHR. The Rmax
values of all mutants were not affected even though
they exhibited markedly decreased biological activity
(Table 2). Thus, we suggest that the role of the amino
residues 102–104 of the eCG β-subunit in FSH-like
activity is more important than that in LH-like activity.

Discussion

This study examined both LH-like and FSH-like activities
of single-chain rec-eCG proteins with mutated amino
acid residues 102–104 of the eCG β-subunit. The
findings of this study indicated that the amino acid resi-
dues 102–104 of the eCG β-subunit are critical for the
secretion of eCG into the culture medium of CHO-S
cells. Additionally, the amino acid residue 104 of the
eCG β-subunit played a pivotal role in signal transduc-
tion to elicit cAMP response through rLHR. Furthermore,
we suggest that the role of the amino acid residues 102–
104 of the eCG β-subunit in FSH-like activity is more
important than that in LH-like activity.

Previously, we had reported that the glycosylation
site mutations in dimeric and tethered rec-eCGs
affected the secretion of eCG into the culture medium.

In particular, the mutations at the glycosylation sites
Asn 82 of the α-subunit and Asn 13 of the β-subunit
resulted in impaired secretion of eCG into the culture
supernatant of the transfected cells (Min et al. 2019).
Additionally, CTP region of the eCG β-subunit, which
contains O-linked glycosylation sites, was not involved
in the secretion of eCG. The deletion of the amino acid
residue 87 at the COOH-terminal region of the eCG α-
subunit almost completely inhibited the secretion of
the protein. Interestingly, the mRNA levels of wild-type
and mutant eCG were similar. However, the deletion of
the amino acid residue 87 completely inhibited the
secretion of the mutant protein into the culture
medium or the intracellular fraction of cell lysates
(Jeoung et al. 2010). The expression levels of five other
mutants (β43–45, β54–56, β94–96, α33–35, and α42–
44) of tethered-eCGβ/α were determined using the
alanine scanning method. The β94–96 mutant exhibited
the same expression pattern as wild-type eCG (Park et al.
2010). Consistent with these observations, the levels of
rec-eCGβV102G/α, rec-eCGβR104K/α, and rec-
eCGβV102G;R104K/αmutants in the culture supernatant
were lower than those of other mutants in this study.
This indicated that the amino acid residues 102 and
104 of the eCG β-subunit play an important role in the
efficient secretion of eCG. The molecular weight of
wild-type eCG was approximately 40–46 kDa (Park
et al. 2010). However, the digestion of N-linked oligosac-
charides markedly decreased the molecular weight of
wild-type eCG to 30 kDa (Park et al. 2009; Lee et al.
2017). This indicated that glycosylation increased the
molecular weight of single-chain rec-eCG protein by
approximately 10–15 kDa in CHO-K1 cells. However,
post-translational modifications do not involve O-
linked glycosylation in mammalian cells, such as CHO-
K1. Recently, we reported that the molecular weight of
rec-eCGβ/α was approximately 40–46 kDa and that the
molecular weight of rec-eCGβ/αΔ56 mutant, which
lacks one N-linked glycosylation site (Asn56) at the α-
subunit, decreased by approximately 3–4 kDa (Min
et al. 2019). Thus, these results suggest that the glycosy-
lation patterns were markedly modified in the rec-eCG
proteins produced in CHO-K1 or S cells.

Several studies have reported that the in vitro LH-like
activity of CG mutants lacking glycosylation sites is 5–10-
fold lower than that of CG with glycosylation sites
(Sairam and Manjunath 1983; Thoakura et al. 1990; Thoa-
kura and Blithe 1995). In contrast, the LH-like activity of
Val102-Phe103→Gly102-Pro103 eCG β-subunit mutant was
reported to be approximately two times higher than
that of wild-type eCG in the COS-7 and rat Leydig cells
(Chopineau et al. 2001). The study also reported that
the LH-like activity of G102-P103-K104→V102-R103-R104

Table 2. FSH-like bioactivity of rec-eCG mutants in cells
expressing rat FSH receptor.

rec-eCG mutants

cAMP responses

Basala (nM/
104 cells)

EC50
b (ng/
mL)

Rmaxc (nM/104

cells)

rec-eCGβ/α-wt 2.3 ± 1.9 0.16 (100%) 55.5 ± 1.3 (100%)
rec-eCGβV102G/α 1.9 ± 1.6 0.79 (20%) 58.6 ± 1.5 (105.6%)
rec-eCGβF103P/α 1.2 ± 1.1 0.99 (16%) 48.1 ± 1.1 (86.7%)
rec-eCGβR104K/α 1.9 ± 1.2 0.98 (16%) 54.7 ± 1.2 (98.5%)
rec-eCGβV102G;
F103P/α

2.9 ± 1.2 1.75 (9.1%) 60.4 ± 1.3 (108.8%)

rec-eCGβV102G;
R104K/α

1.4 ± 1.2 5.45 (2.9%) 51.2 ± 1.5 (92.3%)

rec-eCGF103P;
R104K/α

1.2 ± 0.7 6.40 (2.5%) 47.9 ± 0.9 (86.3%)

rec-eCGV102G;
F103P;R104K/α

2.4 ± 1.5 2.86 (5.6%) 48.3 ± 1.7 (87.0%)

Values are the means ± SEM of triplicate experiments. The half maximal
effective concentration (EC50) values were determined from the concen-
tration-response curves from in vitro bioassays. The cAMP responses of
the basal and Rmax in rec-eCG β/α-wild type were shown as 1-fold.

aBasal cAMP level average without agonist treatment.
bHalf maximal effective concentration.
cRmax average cAMP level/104 cells.
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hCG β-subunit mutant was 75% of that of wild-type hCG.
However, the activity of the hCG β-subunit mutant (V102-
R103-R104) with the equine α-subunit was 1.48 times
higher than that of wild-type equine α-subunit/wild-
type hCG β-subunit. These results are consistent with
those of this study, which demonstrated that the LH-
like activities of mutants were similar. However, the
EC50 value of the rec-eCGβR104K/α mutant for the LH-
like activity was approximately 0.033 ng/mL. Thus, the
LH-like activity of rec-eCGβR104K/α was 61% of that of
eCGβ/α-wt. This indicated that the R104 residue (but
not V102 and F103 residues) of the eCG β-subunit med-
iates the LH-like activity in cells expressing rLHR. Pre-
viously, we had reported that the LH-like activity of the
Gln94-Ile95-Lys96→Ala94-Ala95-Ala96 eCG β-subunit
mutant was similar to that of single-chain wild-type
rec-eCGβ/α (Park et al. 2010). The LH-like activity of
eCGβ-CTP/α (with mutant O-linked glycosylation sites)
mutant was slightly lower (77.2%) than of wild-type
eCG. However, the dose-response curve of eCGβ-CTP/α
was similar to that of wild-type eCG (Min et al. 1996,
2004). The glycosylation site at Asn56 of the eCG α-
subunit is critical for the LH-like activity of dimeric rec-
eCGα/β and single-chain rec-eCGβ/α. Thus, specific gly-
cosylation sites of the eCG α-subunit mediate the LH-
like activity of eCG in cells expressing rat LHR and rat
Leydig cells.

The activity of single chain eCG protein produced in
the milk of transgenic rabbits was 2.4-fold higher than
that of standard eCG (FL652, 5000 IU/mg) in rat Leydig
cells. The administration of standard eCG in vivo dose-
dependently increased ovarian weight. In contrast, the
administration of rec-eCGβ/α protein produced from
transgenic rabbit milk did not affect ovarian weight
(Galet et al. 2000). Thus, we suggest that the differential
activity of eCG in vivo and in vitro is due to the modified
oligosaccharide chains. The amino acid residues 104–
109 of β-subunit are critical for the secretion of correctly
folded tethered eCGβ/α (Galet et al. 2009). The rec-eCG
mutants and wild-type eCG exhibit similar activities in
COS-7, αT3, and MLTC-1 cells. Thus, these results are con-
sistent with those of this study, which suggested that
the amino acid residues 102–104 are not essential for
LH-like activity. The single-chain rec-eCG protein pro-
duced from the milk of transgenic rabbits exhibited
potent FSH-like activity in Y1 cells expressing hFSHR
(Galet et al. 2000). However, this single-chain rec-eCG
protein did not significantly affect ovarian weight in vivo.

We suggest the deglycosylated glycoproteins were
rapidly cleared from the blood. Proteins treated with
small molecular weight glycosylation inhibitor exhibited
lower FSH-like activity than native or wild-type glyco-
proteins. The FSH-like activity of Val102-Phe103→Gly102-

Pro103 eCG β-subunit mutant was approximately 15%
of that of wild-type eCG in the Y1 cells (Chopineau
et al. 2001). Meanwhile, the FSH-like activity of the
Gly102-Pro103→Val102-Phe103 donkey CG β-subunit
mutant was slightly higher than that of wild-type
donkey CG. The FSH-like activity of the triple mutant
(Val102-Phe103-Gly104) of the donkey CG β-subunit was
5-fold to 8-fold lower than that of the wild-type CG in
Y1 cells expressing human FSHR (Chopineau et al.
2001). These results are consistent with those of this
study, which demonstrated that the FSH-like activity of
the triple mutant was 90% of that of wild-type eCG in
cells expressing rFSHR. The results of alanine scanning
revealed that the secretion of correctly folded rec-eCG
with mutated β104–109 sequence was 90% lower than
that of correctly folded rec-eCGβ/α (Galet et al. 2009).
The FSH-like activity of this mutant was 70% lower
than that of wild-type eCG. Thus, the authors suggested
that the amino acid residues 104–109 of the eCG β-
subunit are essential for secretion and FSH-like activity
and that the FSH-like activity of the mutant was 25%
of that of eCG wild-type. These results are consistent
with those of this study, which demonstrated that the
EC50 values of the single, double, and triple mutants
were only 2.5–20% of that of wild-type eCG.

In conclusion, the LH-like activity of rec-eCG mutants
was slightly lower than that of wild-type eCG in cells
expressing rLHR. However, the FSH-like activity for elicit-
ing cAMP response of eCG mutants was markedly lower
than that of wild-type eCG. The EC50 values of the
double and triple mutants of rec-eCGβ/α to elicit the
cAMP response through FSH-like activity was approxi-
mately 2.5% to 9.1% of that of rec-eCGβ/α-wt. We
suggest that the amino acid residues 102–104 of the
eCG β-subunit are critical for the structural and func-
tional studies of the FSHR. Thus, these mutants may be
useful for further analysis of eCG interactions with mam-
malian FSH receptors in vitro and in vivo. The findings of
this study enable the development of novel rec-eCGβ/α
mutants with potent biological activity to induce
oocytes in vivo.
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