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Abstract
The luteinizing hormone receptor (LHR) is a glycoprotein member of the G protein-coupled receptor
superfamily. Physiologically, this receptor participates in corpus luteum formation and ovulation in
females. In males, it acts in testosterone synthesis and spermatogenesis and is involved in some fertility
disorders. RNA was extracted from Ovis aries testicles, and the corresponding cDNA was synthesized to
amplify the lhr gene, termed lhr-bed here, consisting of 762 bp that encodes 273 amino acids of the
extracellular domain of LHR. Thus, the lhr-bed was cloned into pJET1.2/blunt, subcloned into the pCOLD
II expression vector and �nally transformed into E. coli BL21 cells. Since the induced rLHR-Bed protein
was found in the insoluble fraction, the puri�cation protocol was modi�ed as follows: induction at 25°C,
denaturing conditions (8 M UREA and 0.1% CHAPS) and refolding in the column to increase solubility.
The rLHR-Bed expression was corroborated by western blotting and mass spectrometry (MS) analysis.
This successful method to obtain the recombinant LHR extracellular domain yields 0.2 mg/L of the
protein with approximately 90% purity from a single chromatographic puri�cation step. The present
approach demonstrates the feasibility of obtaining large quantities of rLHR-Bed. This might be useful to
accomplish future studies regarding the structure and functional analysis of the binding interplay with its
ligand luteinizing hormone and its isoforms. Additionally, this biotechnological strategy might be used to
improve and to develop new drugs for the treatment of reproductive disorders and might also be applied
to species reproduction in the livestock industry.

Introduction
Luteinizing hormone receptor (LHR) was expressed for the �rst time from the rat ovary [1] and was
categorized as an “unusual” member of the G protein-coupled receptor family. In fact, LHR belongs to the
G-protein coupled receptor (GPCR) superfamily, and its ligand is luteinizing hormone (LH), a glycoprotein
secreted by the anterior hypophysis. Structurally, GPCRs belong to seven transmembrane domain
receptors with extracellular (NH2) and intracellular (COOH) termini. LHR is located in the luteal theca and
follicular granulosa cells of the ovary, while in the testis, it is located mostly in the Leydig cells, which
secrete testosterone. Interestingly, LHR is also expressed in the placenta [2]. Biologically, LHR is involved
in crucial reproductive processes, including oocyte maturation, ovulation, and estradiol synthesis in
females. In males, it participates in testosterone synthesis and sex differentiation, among others [3].

The receptor binds its ligand LH through a unique large extracellular domain conformed in the sheep by
341 amino acids (a.a). This domain is encoded in the lhr gene, exons 1–10, which has a signal peptide
and a leucine-rich repeat (LRR) region and is �anked by cysteine-rich regions [3]. In addition, LHR binds
human chorionic gonadotropin (hCG), a placental hormone essential in progesterone synthesis during
pregnancy. In the testis, LHR is activated by LH, also called interstitial cell-stimulating hormone, initiating
the transduction process via activating cAMP, and the reaction pathways to synthesize testosterone by
Leydig cells [4]. The second large domain of LHR, encoded into the lhr gene, comprises the long eleventh
exon, which is distinctive of the GPCR structure, formed by seven transmembrane α-helices and a
cytoplasmic tail corresponding to the carboxy-terminus [5].
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As occurs with most GPCRs, the tertiary structure of the LHR is not available. However, LHR has been
studied and expressed in several ways, such as human embryonic kidney cells [5] and mouse
reproductive tissues [6]. Moreover, LHR has been expressed in baculovirus-infected insect cells [6, 7]. The
extracellular domain of LHR in rats and humans has been expressed in E. coli [8, 9]. Notably, the X-ray
structure of the extracellular domain of follicle-stimulating hormone receptor (FSHR) complexed with
follicle-stimulating hormone (FSH), the analogous hormone of LH, has been solved [10]. These data have
been very useful to compare both receptors FSHR and LHR [11]. Analyzing the sheep receptor, the whole
LHR sequence shows 51% similarity in comparison with FSHR. However, considering only the
extracellular domain in both receptors, the sequence similarity decreases to 40.5%, not including the
initial signal peptide sequence. Certainly, those conserved sequences are valuable data but insu�cient to
realize solid molecular modeling and structural biology studies, particularly to unveil the extent of those
a.a. interacting with LH.

Indeed, complementary studies are needed to pursue the tertiary LHR structure. This knowledge may be
useful to understand the hormone-receptor interactive mechanism, its physiological implications and
possible pharmacological applications. Since our group has been interested in the endocrinology and
biology of reproduction, particularly LH, in the sheep [12] and goat estrous cycle [13], we decided to obtain
the extracellular domain of LHR in a protein expression heterologous system as an initial step for future
experiments directed to solve the �nal LHR structure.

Materials And Methods
RT-PCR

Total RNA from 250 mg of testicular tissue was extracted using the TRIzol method. To obtain Ovis aries
cDNA, 1 µg of total RNA was treated with the Superscript II reverse transcriptase kit and oligo dT18 primer
(10 pmol/µl). The extracellular domain of LHR, as stated before, was termed lhr-bed. Then, lhr-bed was
ampli�ed from the synthesized cDNA using the primers 5-
CGAATTCCATATGTCACTCACCTACCTCCCTATCAA (forward) and 5-
CCGCTCGAGAAGTGTTTCATTATTTGGTCTCCTTGC-3 (reverse) with the restriction sites (underlined)
targeted by the enzymes NdeI and XhoI, respectively. The PCR conditions were 94°C for 5 min; 94°C for 1
min; 60°C for 1 min; and 72°C for 1 min, allowing 35 cycles and a �nal stage of 72°C for 7 min.

Cloning, Expression and Puri�cation of the rLHR-Bed

The obtained 762 bp amplicon was cloned into pJET1.2/blunt with the CloneJET PCR cloning Kit,
subcloned into the pCOLD II vector and transformed into BL21 (DE3) chemically competent cells. The
clone that expressed the rLHR-Bed (recombinant extracellular domain luteinizing hormone receptor) fused
with a histidine tag was incubated in a bath at 25°C for 30 minutes. After that, for induction, IPTG (1 mM)
was added and incubated with agitation for 18 hours at 25°C as outlined in the Cold Shock Expression
System Manual, suggesting a 25°C modi�cation protocol [14]. The protein was puri�ed using a Ni–NTA
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column following the refolding protocol of the manufacturer in AKTA Prime FPLC, working under
denaturing conditions with buffer modi�cations as follows: A) Solubilization buffer: 20 mM Tris; 0.5 M
NaCl; 5 mM imidazole; 8 M UREA and 0.1% CHAPS. B) Refolding buffer: 20 mM Tris; 0.5 M NaCl; 5 mM
imidazole and 0.1% CHAPS. Finally, C) Elution buffer: 20 mM Tris; 0.5 M NaCl; 250 mM imidazole and
0.1% CHAPS. The degree of purity of the isolated sample was evaluated by electrophoresis in a 12% SDS-
PAGE gel stained with Coomassie brilliant blue.

rLHR-Bed identi�cation through WB and MS.

Data on rLHR-Bed detection by antibody anti-His monoclonal and mass spectrometric (MS) are found in
Supplementary �le.

Computational Methods

The computational assessment was performed using the genome assembly Oar_rambouillet_v1.0 of the
sheep (Ovis aries), along with the NC_040254.1 locus to disclose the lhr genomic characteristics. The
�nal protein analyses were carried out with the Conserved Domain Database using the Bath-CD-Search
[15], using the TMHMM Server v. 2.0 [16] and the Protein Secondary Structure Prediction Server [17].

Results And Discussion
The Ovis aries lhr gene was the aim of the present work. In sheep, this gene is composed of eleven exons
and is located on chromosome 3. LH, along with FSH and TSH receptors, forms a subfamily
characterized by a large ectodomain bearing a leucine-rich region and glycosylated N-terminus, which
actually is the binding site of their respective hormones. For this reason, through a heterologous system,
the recombinant protein of the LHR external domain was expressed and termed lhr-bed. The starting point
was the Ovis aries Oar_v4.0 genome assembly with the accession ID: GCF_000298735.2 and locus:
NC_040254.1, belonging to the lhr gene, which has a size of 1,965 bp (Fig. 1a1). Related to the lhr gene, a
downstream genome sequence of 1,308 bp is located at the GTF2A1L gene, while the upstream genome
sequence regarding the lhr gene has 1,484 bp and is found at the LOC114113602 gene (Fig. 1a1). The
expressed LHR transcription has a mRNA of 1,965 bp comprising 11 exons. The extracellular region is
encoded by exons 1–10 while the seven-transmembrane domain is encoded by exon eleven (Fig. 1a2).

The computational analysis of the large N-terminal extracellular domain, including the LRR (Fig. 1a2)
related to LHR-LH binding and the transmembrane region, shows a complete protein composed of 654
a.a. However, in the present work, the ampli�ed lhr-bed mRNA from O. aries testis included only the region
between exons 2 and 10, that is, 762 bp encoding only 273 a.a (Fig. 1a2). Interestingly, the LHR gene has
already been reported to be expressed in rodent Leydig cells [18].

One important goal was to reach a reliable production of recombinant lhr-bed. Therefore, cold shock
expression technology was applied; that is, cloning and subcloning the lhr-bed gene ligated to the pCOLD
II vector expression. After that, the positive selection cloning vector pJET1-2-blunt-lhr-bed was subcloned
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for expression and e�cient recovery. Consequently, the DNA insert of 762 bp cloned from
pJET1.2/BLUNT (Fig. 1b) was ligated into the pCOLD II vector. The subcloning process included both
NdeI and XhoI digestion enzymes.

Special care was taken for the correct size and alignment of the pCOLDII vector as well as the insert lhr-
bed gene in gel agarose (Fig. 1c). Regarding this gel, lane 2 shows the corresponding insert to the lhr-bed
with 762 bp size, and the linearized pCOLD II shows a size of 4392 bp, in lane 3 (Fig. 1c). The results of
cloning and subcloning are depicted in Fig. 1b and c. It is important to remark that the pCOLDII vector is
suitable for application in proteins intrinsically di�cult to express, which require low temperature (15°C)
and show a slow translation process. Additionally, it ensures improved folding and stability of the
recombinant protein during its expression, and, very importantly, produces high amounts of protein in E.
coli [19].

The induction experiment yielded several clones resulting from the pCOLDII-lhr-bed construction, which
actually were transformed into BL21 strain bacteria. Thus, the experiment to induce the recombinant
protein of the extracellular domain of LHR Ovis aries (rLHR-Bed) was designed as follows: BL21 cells
transformed with pCOLDII-empty were labeled negative induction, while clones 2 and 4 were positive,
resulting in the transformed pCOLDII-lhr-bed construction.

The extent of protein expression was evaluated through SDS-PAGE pro�les. Likewise, recombinant
protein with a histidine tag of 50 kDa was added as a WB positive control (Fig. 2a, lane 10). In the case of
BL21 clone 2, no expression of the recombinant protein was found (Fig. 2a, lanes 3 and 5). In contrast, a
band of ~ 28 kDa corresponding to the induction elicited by clone 4 was observed (Fig. 2a, lane 7). To
corroborate that the band located between 25 and 37 kDa was actually the rLHR-Bed, a WB analysis was
applied using an anti-His tag antibody and mediated with a twin gel corresponding to the protein pro�le
of the induction experiment (Fig. 2b).

Unexpectedly, the expression study carried out under standard conditions using BL21 transformed with
constructed pCOLDII-lhr-bed growing at 180 rpm/15°C/18 h failed, somewhat yielding low expression of
rLHR-Bed (data not shown). Therefore, a modi�ed procedure was implemented according to Spadiut et al.
[14], raising the temperature from 15°C to 25°C and performing a preinduction course, resulting in
optimum induction of 24 U/L recombinant protein. Accordingly, applying those modi�cations
successfully induced rLHR-Bed, showing that the pCOLDII system is stable and functional at 25°C [14].

In addition, the rLHR-Bed induction elicited by clone 4 was submitted to solubility evaluation. The
resulting SDS-PAGE showed a marked band in the insoluble fraction, especially in the range between 25
and 37 kDa, while the soluble fraction in that range showed lower intensity (Fig. 2c). The rLHR-Bed was
clearly con�rmed in the insoluble fraction by the WB experiment (Fig. 2c, lane 5). However, the solubility
analyses of rLHR-BED showed that the expressed protein yielded inclusion bodies, compelling us to
implement a column protocol. That is, a denaturation-refolding scheme to obtain the recombinant protein
soluble to �nish the rLHR-Bed puri�cation. In this way, the denaturing condition was achieved by
modifying the solubility buffer to 0.1% CHAPS, which is considered the minimal micellar concentration to
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improve the solubility of recombinant proteins [20]. The solubility results, including the complete pro�le of
puri�cation, are shown by SDS-PAGE (Fig. 2d). Interestingly, in the case of insoluble protein aggregates
forming inclusion bodies, the protein conserves its native-state secondary structure [21]. Thus, as
anticipated, the expressed and puri�ed protein was actually rLHR-Bed and was fully validated by two
reliable techniques: WB mediated with anti-histidine monoclonal antibody and mass spectrometric (MS)
analysis (Supplementary �le). These �nal results corroborated that the induced protein indeed
corresponds to the rLHR-Bed of O. aries .

On the other hand, two vials containing the puri�ed recombinant protein with a performance of 0.25 mg/L
were submitted to acquire an electrophoretic pro�le, and the band was cut and sent for MS identi�cation
to the proteomic unit of the Instituto de Biotecnología-UNAM, México. Seven peptides were identi�ed
corresponding to 100% probability to the Lutropin-choriogonadotropin-hormone receptor OS = Ovis aries,
according to the UniProt source database (Table 1). Clearly, the spectrum mass/charge (M/Z) vs. relative
intensity corresponding to each peptide showed the sequenced peptide, protein identi�cation probability,
percent of the best peptide and spectrum M/Z (Table 1).

LHR has been expressed in different models not exempt from drawbacks; for instance, in human
embryonic kidney cells, the expressed extracellular domain shows high a�nity to hCG but remains
trapped within the cells [5]. Similarly, LHR expressed in baculovirus-infected insect cells is inactive and
remains trapped in aggregate pools [6]. The rat extracellular domain of LHR has been expressed in E. coli,
with high binding a�nity for hCG; however, proper folding is achieved only after laborious refolding in
vitro [8]. Additionally, in E. coli, the extracellular domain of the human receptor expressed in a chimeric
fusion model, including thioredoxin reductase and glutathione reductase genes in the cloning plasmid
vector, maintained the disul�de bonds of the expressed LHR extracellular domain and con�rmed that
regardless of the lack of glycans, the truncated receptor may show high a�nity to hCG, similar to the
native receptor [9]. Nevertheless, this elegant design is still quite elaborated. More complex chimeric
expression of the extracellular domain of the LH receptor has been elaborated but rather more expensive,
as has been reported in CD8 lymphocyte membranes [22]. In the present work, certain advantages of the
improved technique were achieved; for instance, disul�de bonds were retained since β–mercaptoethanol
was not used. Likewise, dialysis was avoided, allowing easy refolding of the protein in the repuri�cation
procedure, leaving the receptor in a friendly refolding buffer ready for future crystallization.

In addition to crystallization as well as molecular properties and physicochemical studies, many
possibilities arise mostly in the �eld of biology of reproduction and the livestock industry. In our group, we
are willing to test the binding of LH isoforms in the expressed extracellular LHR motive, since working
with LH isoforms previously, some differences have been observed in cAMP and vascular endothelial
growth factor production [12].

Brie�y, in the present work, the extracellular domain of LHR was expressed successfully based on a
reliable and minimal effort molecular biology strategy. The protein rLHR-bed from O aries, expressed from
the lhr-bed gene, was obtained from testicular Leydig cells. BL21 competent cells and the pCOLDII vector
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were selected to amplify the gene. Thus, based on the current literature, we proposed the strategy of
induction-solubilization-refolding and puri�cation in a raw sample. The procedure was β-
mercaptoethanol-free, and dialysis was omitted. In this way, the recombinant protein was expressed in
signi�cant amounts and ready for subsequent structural analyses. The results suggest that this strategic
pathway could be applied to express almost any membrane protein effortlessly.

Abbreviations
CID: Collision-induced dissociation
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Due to technical limitations, table 1 PDF is only available as a download in the Supplemental Files
section.

Figures

Figure 1
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Genomic Location of LHR gene in Ovis aries. a1) Depicts the LHR gene comprising 1965 bp length. The
upstream and downstream LHR genes occupy the LOC114113602 and GTF2A1L gene loci encoded by
1484 bp and 1308 bp, respectively. a2) Eleven exons encompass the LHR mRNA. Exons 1 to 10 encode
the extracellular domain while the 7TMD and the carboxy terminal are encoded by the long exon 11. a3)
LHR arrangement of LHR predicted according to NCBI Batch CD-Search, showing 2 domains: a leucine-
rich region (LRR) and seven transmembrane helices characteristic of the GPCR superfamily. b) Cloning
lhr-bed gene. Characteristics of the store plasmid pJET.2/blunt cloning vector for lhr-bed are shown.
Likewise, the amplicon (insert) with a size of 762 bp corresponding to the lhr-bed is in lane 2. c) Bands of
the expressed vector pCOLD II (lane 3) and the insert of 762 bp yielding the pCOLD II-lhr-bed as product
expression after digestion by NdeI and XhoI enzymes and ligation with T4 ligase (lane 2). The MW of the
DNA marker (1 kb) is shown in b and c, lane 1.

Figure 2

rLHR-Bed induction-solubilization-refolding -puri�cation pro�le. a) Molecular Weight (MW) lane 1, Non-
induction (NIND) and Induction (IND) for: BL21 cells without transformation, Clone 2, and Clone 4, See
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lanes 2 to 7. b) Western blot (WB) shows the corresponding gel of the SDS-PAGE rLHR-Bed pro�le
showing the detection signal between 25 and 37 kDa, this expression is coincident with rLHR-Bed (lane
7). The WB control was a 50 kDa protein with tag histidines and it is shown in lane 10. Arrows show the
control protein and the recombinant expression protein of 28 kDa. c) Solubility pro�le test of rLHR-Bed
shows: MW lane 1, non-soluble fraction (NSF) and soluble fraction (SF) lanes 2 and 3, arrow marks the
rLHR-Bed. WB from a gel SDS-PAGE of the rLHR-Bed solubility pro�le. MW Lane 4, NSF and SF lanes 5, 6
respectively. Detection of rLHR-Bed is observed in the NSF at 28 kDa (lane 5). (d) Complete pro�le of
rLHR-Bed puri�cation and its WB detection. MW lane 1, NIND and IND samples, are lanes 2, 3. NSF and
SF lanes 4 and 5 and elution 2 to elution 5 lanes 6 to 9. Lane 10 shows the WB detection elution 5.
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