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Abstract

The follicle-stimulating hormone (FSH) and the luteinizing hormone (LH) play central
roles in vertebrate reproduction. They act through their cognate receptors to stimulate
testicular and ovarian functions. The present study reports the cloning and characterization of
two sea bass (Dicentrarchus labrax) cDNAs encoding a FSH receptor (sbsFSHR) and a LH
receptor (sbsLHR). The mature proteins display typical features of the glycoprotein hormone
receptor family members, but the sbsFSHR also contains some remarkable differences when
compared with other fish or mammalian FSHRs. Among them, a distinct extracellular N-
terminal cysteine domain as regards to its length and cysteine number, and the presence of an
extra leucine-rich repeat. Expression analysis revealed that the sbsFSHR is exclusively
expressed in gonadal tissues, specifically in the follicular wall of previtelogenic and early-
vitelogenic follicles. On the contrary, sbsL HR mRNA was found to be widely distributed in
sea bass somatic tissues. When stably expressed in mammalian cell lines, sbsFSHR was
specifically stimulated by bovine FSH, while sbsLHR was activated by both bovine LH and
FSH. Nevertheless, specific stimulation of the sbsLHR was observed when recombinant sea
bass gonadotropins were used. The isolation of a FSHR and a LHR in sea bass opens new

ways to study gonadotropin action in this species.
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Introduction

Itis well established that the follicle-stimulating hormone (FSH) and the luteinizing
hormone (LH), secreted by the pituitary gland, play central roles in vertebrate reproduction
(Chappel and Howles, 1991). In ovarian follicles, FSH regulates granulosa cell proliferation,
the synthesis of cell cycle-regulatory proteins and induces the expression of differentiation-
specific genes (Richards, 1994). On the other hand LH promotes follicular maturation,
ovulation and the synthesis of ovarian steroid hormones. In the testes, FSH determines Sertoli
cell proliferation and attends germ cell maturation (Allan and Handelsman, 2005), while LH
supports Leydig cell functions and stimulates the synthesis of androgens, regulating the final
stages of spermatogenesis. FSH and LH are members of the glycoprotein hormone family,
which also includes the thyroid stimulating hormone (TSH) and the chorionic gonadotropin
(CQ) (Pierce and Parsons, 1981).

The glycoprotein hormones exert their biological actions by interacting with specific
receptors present on target cell surfaces. Accordingly, the FSH receptor (FSHR) gene is
expressed only in granulosa cells in the ovary and in Sertoli cells in the testis. The LH
receptor (LHR) is expressed primarily in theca and granulosa cells of ovarian preovulatory
follicles and in the Leydig cells in the testes (reviewed in refs. Themmen and Huhtaniemi,
2000; Ascoli et al., 2002; Vassart et al., 2004). In primates and equines, it also binds the CG,
a placental hormone essential for the maintenance of pregnancy, structurally similar to LH
(Bousfield et al., 1994). These receptors are encoded by paralogous genes belonging to the
large family of G protein-coupled receptors (GPCRs) (Simoni et al., 1997; Ascoli et al., 2002;
Dias et al., 2002; Szkudlinski et al., 2002), which includes in addition the TSH receptor that
binds TSH. They constitute the subfamily of glycoprotein hormone receptors (GpHRs),
themselves members of the wider leucine-rich repeat containing GPCR (LGR) family. The

members of this family are characterized by a large extracellular (EC) domain with multiple
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imperfect leucine-rich repeats (LRRs), flanked by N- and C-terminal cysteine-rich
subdomains. This is followed by a rhodopsin-like domain of seven transmembrane (7TM)
helices and a C-terminal intracellular tail (Hsu et al., 2000).

Evidence for the presence of gonadotropin receptors in fish was first demonstrated
more than ten years ago, by binding studies of coho salmon FSH and LH to membranes of
isolated granulosa cells and theca-interstitial layers of coho salmon ovary (Yan etal., 1992;
Miwa et al., 1994). The isolation of the cDNAs from these receptors remained elusive for
years. Finally, the cloning of two types of gonadotropin receptors from the ovaries of amago
salmon was reported (Oba et al., 1999a; Oba et al., 1999b), thereby providing new
experimental tools to understand fish GpHRs biology.

Ligand binding and receptor activation appear to be distinct activities of the GpHRs.
Ligand binding specificity and affinity are determined by residues present in the -strands of
the LRRs (Braun et al., 1991; Smits et al., 2003), whereas the TM domain is responsible for
receptor activation and signal transduction through G proteins. Hormone binding to the EC
domain of a GpHR causes changes in the 7TM domain promoting cAMP accumulation via
activation of heterotrimeric Gs, thereby initiating a signalling cascade that leads to steroid
synthesis (Ascoli et al., 2002; Dias et al., 2002; Szkudlinski et al., 2002).

Ligand specificity of the mammalian GpHRs is well defined, with no cross-stimulation
occurring under physiological conditions. Conversely, promiscuous activation of fish GpHRs
has been described. In vitro experiments with African catfish, channel catfish and zebrafish
recombinant FSHRs suggest that these are not selective for FSH, as LH can also activate
them, whereas, LHRs are highly selective for homologous LH (Bogerd et al., 2001; Kumar et
al., 2001a; Kumar et al., 2001b; Vischer and Bogerd, 2003; Kwok et al., 2005). These data are
consistent with results obtained in coho salmon, whereby type I receptor (i.e., the putative

FSHR), localized in both the theca and granulosa cells, did not discriminate between FSH and
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LH, while a type Il receptor i.e., the putative LHR, located only in granulosa cells, was highly
selective for LH (Yan etal., 1992; Miwa et al., 1994). However, the ligand selectivity of the
amago salmon receptors appeared to be different from this (Oba et al., 1999a; Oba et al.,
1999b). Heterologous cells transiently transfected with the amago salmon FSHR were
specifically activated by chum salmon FSH but notby LH, whereas LHR transfected cells
were highly responsive to LH and in a lesser extend to FSH.

This different ligand selectivity could imply that GpHR actions in teleosts are not
totally overlapping those of their mammalian counterparts, and reinforces the need of learning
more from fish, the most diverse group of vertebrates with dissimilar modes of gonadal
development and reproductive strategies. Although the cloning of a FSHR and a LHR has
been reported in two species of Percirforms, Nile tilapia and seabream (Oba et al., 2001 ;
Wong et al., 2004), there is no information regarding the functional characterization of these
receptors in this linage of fish.

To bring more knowledge on fish gonadotropin receptors, in the present study we
report the isolation and functional characterization of the cDNAs coding for a sea bass FSHR

(sbsFSHR) and a LHR (sbsLHR).

Materials and Methods

Isolation of Nucleic Acids

Sexually mature female and male sea bass (Dicentrarchus labrax) were obtained from
the stock raised in the Instituto de Acuicultura de Torre la Sal facilities. Animals were treated
in accordance with the European Union Animal Care Regulations.

Total RNA was isolated from sea bass tissues (n = 2 animals/ tissue) following the
TRI Reagent protocol (Molecular Research Center, Inc. Cincinnati, OH). Poly(A)" RNA was

isolated using Poly ATtract mRNA Isolation Systems (Promega Corp., Southampton, UK).
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Genomic DNA (gDNA) was isolated from sea bass whole blood, using a protein salting-out

method (Martinez et al., 1998).

Reverse transcription-Polymerase Chain Reaction (RT-PCR) and Polymerase Chain
Reaction

To perform PCR amplification on sea bass gDNA 150 ng were used as template.

Superscript Il reverse transcriptase (Invitrogen Corp., Carlsbad, CA) was used for
cDNA synthesis by priming 4 pg of RQ1-DNase (Promega Corp.) treated total RNA with 100
ng of random hexamers in a total volume of 20 pl. Briefly, RNA was mixed with 100 ng of
random hexamers, 1 pl of ANTPs (10 mM each dNTP) and denatured at 65°C for 5 min. After
a quick chilling on ice, 40 units of RNAsin (Promega Corp.), and 200 units of SuperScript I
reverse transcriptase were added. Incubation took place at 42°C for 50 min. The reaction was
stopped by heating to 70°C for 15 min.

One to 2.5 pl of the cDNA were used for PCR reactions. The sequences of the primers
used in this study are shown in Table 1. Touchdown PCR programs comprising a 10 to 15°C
span of annealing temperatures were used following these conditions: an initial denaturation
at 94°C for 2 min followed by 30 (15°C span) or 20 (10°C span) cycles of 94°C for 30 s, the
highest annealing temperature for 30 s, and 72°C for 45 s. The annealing temperature was
decreased 0.5°C per cycle.

Primer pairs fshr25-fshr26 and lhr35-1hr23 (Table 1) were designed to amplify an
intron-containing region in order to exclude false positive bands arising from potential
contaminating gDNA. Also, they share limited sequence identity. As internal control a 495 bp
fragment of the sea bass 18S ribosomal RNA (rRNA) gene was amplified, using primers
5°18S and 3’18S . Cycling conditions consisted of 25 cycles at 94°C for 30 s, 65°C for 45 s,

and 72°C for 45 s.
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The resulting PCR products were cloned into the pGEM-T Easy Vector (Promega

Corp.) and sequenced.

Screening of a sea bass cDNA testicular library

A 1175 bp cDNA fragment from the shsFSHR and a 678 bp cDNA fragment of the
sbsLHR were labelled with [a-"P]-dCTP by random octamer priming (Rad Prime DNA
Labelling System Kit, Invitrogen Corp.) and used as probes to screen, following standard
methods (Sambrook & Russel 2001), a sea bass testicular directional cDNA library
constructed in the UNI-ZAP XR vector.

Prehybridizations and hybridizations were done at high stringency conditions (50%
formamide, 42°C). Final washes were carried out at 55°C with 1xSSPE and 0.5% SDS.
Several positive clones were obtained after first round screening of approximately 1x10°
phages. Secondary and tertiary screenings were performed and the resulting positive phages
were in vivo excised from the Lambda ZAP XR vector as pBluescript SK (-) phagemids,

following the protocol described by the manufacturer (Stratagene Corp.).

DNA Sequence and Phylogenetic analysis

DNA sequences were determined for both strands on an automated ABI PRISM 3730
DNA Analyser (Applied Byosistems) using the Rhodamine Terminator Cycle Sequencing Kit
(Perkin-Elmer Inc., Wellesley, MS). The generated sequences were assembled using
Sequencher version 4.0.5 software (Gene Codes Corpor., Ann Arbor, MI). BLASTN and
BLASTP (version 2.2.9, National Center for Biotechnology Information) were used for
database searching. The presence and location of the putative signal peptide cleavage site, the
7TM helices, Ser, Thr, and Tyr phosphorylation sites and potential N-glycolylation sites in the

amino acid sequences, were predicted using the prediction servers of the Center for Biological
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Sequence Analysis (http ://www.cbs.dtu.dk/services/). The Protein Families (Pfam) Database

of the Sanger Institute (UK) was used to search for common protein domains. The UniProt
name for the sbsFSHR and the sbsLHR are Q4L192 DICLA and Q4L191 DICLA
respectively. Multiple sequence alignments were carried out using ClustalX version 1.81
(Thompson et al., 1997). Phylogenetic analyses, of full length amino acid sequences, were
conducted using MEGA version 2.0 (Kumar et al., 2001). A rooted phylogenetic tree was
constructed by means of the Neighbor-joining algorithm, using the LGR sequence of
Caenorhabditis elegans as an outgroup. Gaps or missing data were pairwise deleted. One
thousand bootstrapping pseudo replicates were used to assess the robustness of the inferred

nodes of the tree.

Northern blot analysis

Poly (A)" RNA (10 pg) from sea bass ovaries and total RNA (30 pg) from testes and
ovaries were denatured and electrophoresed in the presence of formaldehyde using standard
conditions (Sambrook and Russel, 2001). RNAs were blotted on a Hybond-NX nylon
membrane (Amersham Biosciences UK Ltd.) and stained with methylene blue to control for
equal loading. Prehybridization and hybridization were carried out overnight at 42°C with
50% formamide. The full length sbsFSHR and sbsLHR ¢cDNAs were labelled with [a-**P]-
dCTP and used as probes. Final washes were performed in 2xSSC /0.5% SDS at 50 °C. The
membranes were exposed to Hyperfilm ™ MP autoradiography films (Amersham

Biosciences UK Ltd.).

In situ hybridization
In situ hybridization experiments were carried out as described previously (Cerda-

Reverter et al., 2003). Briefly, sea bass gonads were fixed with 4% paraformaldehyde (PAF)
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overnight at 4°C, dehydrated, and embedded in Paraplast (Sherwood, St. Louis, MO). Before
hybridization, 6jum sections were deparaffinized, rehydrated, and postfixed. Slides were later
washed in phosphate buffer (PB) and treated with Proteinase-K. Next, they were washed in
PB and post fixed again in PAF, subsequently rinsed in sterile water, and acetylated in a
triethanolamine (0.1 M, pH 8)/acetic anhydride solution. Sections were then dehydrated and
dried at room temperature.

A pBluescript SK (-) phagemid containing an 800 bp fragment from the sbsF'SHR 3’
UTR was used to prepare riboprobes. Antisense and sense RNA probes were synthesized in
vitro by linearizing the phagemid with Xbal or Xhol, and i vitro transcription was carried out
with T7 or T3 RNA polymerase, respectively. The probes were labelled with ¥S-UTP using
the Riboprobe In Vitro Transcription System Kit (Promega Corp.). After in vitro RNA
synthesis, samples were treated with 1U of RQ1-DNase RNAse-free (Promega Corp.) and
purified on Sephadex G50 columns. The two fractions containing the highest radioactivity
were pooled, precipitated, stored at -20 °C and used within 1 week.

The **S-UTP riboprobes were pelleted and dissolved in an appropriate volume of 100
mM DTT to obtain 2x10° cpm/ul. After 5 minutes incubation at 80°C, *S-UTP riboprobes
were diluted 1/10 (final concentration of probes, 10 mM DTT and 2x10* cpm/ul) in
hybridization buffer containing 50% formamide, 300 mM NaCl, 20 mM Tris-HCI (pH 8), 5
mM EDTA (pH 8), 10% Dextan sulphate, 1X Denhardt’s solution and 0.5 pg/ml of yeast
RNA type III. Subsequently, 60 pl of hybridization solution were added to each pre-treated
slides (see above) that were cover-slipped and incubated in a humidified chamber overnight at
55°C.

After washing and ribonuclease treatment, slides were finally dehydrated and dried at
room temperature. Finished the hybridization process, slides were dipped in Hypercoat

Photographic Emulsion RPN40 (Amersham Biosciences UK Ltd) and exposed under dry
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conditions at 4°C for 15-20 days, developed in Kodak D-19 Film Developer and
counterstained with Cleveland & Wolfe staining (Herlaut 1960). Anatomical locations were

confirmed by reference to Mayer et al. (1990) and Alvarifio et al. (1992).

Expression plasmids, cell culture and transfections

The pcDNA-sbsFSHR plasmid was generated by inserting a 2.8 kb fragment
containing the complete open reading frame (ORF) of the sbsFSHR into the pcDNA3
expression vector (Invitrogen Corp.). The expression vector pcDNA-sbsLHR, containing the
complete ORF of the sbsLHR was generated in several steps. First, two fragments
corresponding to the EC domain of shsLHR were PCR amplified with primer pairs Thr30-
1hr24 and lhr35-1hr21 respectively (Table 1). Equal quantities of each fragment were used as
template in an overlapping PCR reaction with primers lhr30-lhr21 (Table 1). The resulting
PCR product was inserted into the pP CR-Script Amp SK (+) cloning vector (PCR-Script®
Amp Cloning Kit, Stratagene, La Jolla, CA). A HindIII-Vspl fragment from this plasmid
containing most of the EC domain (nucleotides 1 to 1048) was in-frame ligated to a Vspl-
EcoRV fragment (nucleotides 1048 to 3172) obtained from a cDNA library phagemid, which
corresponds to the rest of the shbsLHR cDNA. Finally, they were introduced into the HindlIlI-
EcoRV-digested pcDNA3 vector (Invitrogen Corp.). All the above PCR reactions were
performed with the proofreading PfiuTurbo® DNA polymerase (Stratagene, La Jolla, CA) and
further checked by sequencing. pCRE-luc (BD Clontech, Palo Alto, CA) contains the firefly
luciferase gene under the control of a promoter with cAMP Responsive Elements (CRE)
binding sites. The tgCMV/HyTK plasmid harbours a hygromycin resistance gene (Wellbrock
et al., 1998).

Human embryonic kidney (HEK) 293 cells were grown in DMEM (Invitrogen Corp)

containing 10% foetal bovine serum, penicillin (100 units/ml) and streptomycin (100 pg/ml)
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in a humidified atmosphere of 5% CO, at 37°C. Cells were transfected using a modified
calcium phosphate transfection method (Chen and Okayama, 1987) or Lipofectamine 2000
reagent according to manufacturer’s guidelines. pcDNA-sbsFSHR and tgCMV/HyTK were
co-transfected (50:1) in cells growing in 24-well plates. pcDNA-sbsLHR, pCRE-luc and
tgCMV/HyTK were co-transfected (50:50:1) in cells growing in 6 well culture plates. To
generate stable clones, 48 hours after transfection cells were replated in 96-well plates and
selected in medium containing 400 pg/ml of hygromycin B (Invitrogen). Hygromycin
resistant colonies were isolated 2 weeks after transfection and subsequently expanded. In the
sbsFSHR stable clones, the expression level of this gene was analyzed by Northern blot.
Transient transfections of the pCRE-luc plasmid were performed in 9 cm dishes. Forty eight
hours after transfection, cells were spread in 24-well plates and stimulated by adding the
specified amounts of hormones in the growth medium for the indicated times.

The sbsLHR single clones were screened for luciferase activity by treating the cells
with 100 uM forskolin (Sigma-Aldrich Co.) for five hours. Untreated cells were used as
controls. The clone presenting the highest difference in luciferase activity between treated and
untreated cells (LHR-LUC10) was further expanded. For functional characterization of the
sbsLHR, LHR-LUCI10 cells were spread in 48 well plates and stimulated by adding the
specified amounts of hormones on the growth medium for five hours.

Bovine FSH (bFSH, AFP-5332B, biopotency 68 x NIH-FSH-S1) and bovine LH
(bLH, AFP-11743B, biopotency 2,3 x NIH-LH-S1) were obtained from the National
Hormone & Peptide Program, Harbor-UCLA Medical Center (California, USA). Cells were
also challenged with conditioned medium of cultured Chinese hamster ovary (CHO-K1)

stable clones producing recombinant sea bass LH and FSH (Goémez et al., unpublished).
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Luciferase assay

To measure luciferase activity, cells were lysed in Reporter Lysis Buffer (Promega
Corp.) as indicated by the manufacturer. Cell debris were separated by centrifugation for 30 s
at 15000xg, and 20 pl of the supernatant were mixed with 200 pl of luciferin reagent (20 mM
TricineKOH, pH 7.8, 0.1 mM EDTA, 8§ mM MgCl,, 33.3 mM DTT, 270 uM CoA, 530 uM
ATP, 400 uM luciferin). The light emitted was measured in a luminometer (Junior, EG&G,

Berthold) and expressed as relative light units (RLU).

Results

Cloning and sequence analysis of a sbs FSHR and a sbsLHR cDNAs

Two pairs of degenerate oligonucleotides (fshr6-fshr2 and fshril-fshr2) were designed
based on published fish and mammalian FSHR and LHR sequences respectively, and
corresponding to a highly conserved and intronless region of the TM domain. They were used
as primers in a PCR reaction using sea bass gDNA as template. A 330 bp and a 680 bp
products were amplified, and subsequently subcloned and sequenced. The obtained sequences
displayed the highest identity to other FSHRs and LHRs respectively. A sbs FSHR specific
primer (fshr9), based on the sequence of the amplified product, was used in a PCR reaction on
testis cDNA in combination with a degenerated primer designed on the EC domain (fshrg).
The amplified fragment was about 1.1 Kb. Screenings of a cDNA testicular library using the
sbsFHSR 1.1 Kb and the sbsLHR 680 bp fragments as probes rendered a high number of
positive clones for the shs FSHR and a single specific clone for the sbsLHR.

The sbsFSHR sequence. PCR and sequencing analysis of the 5’ region of the sbsFSHR
clones showed that eight of them were full length and contained the ATG initiation codon.
One of them was chosen for in vivo excision and sequencing. This phagemid contained a

3134 bp fragment (Fig. 1), consisting of an ORF of 2109 nucleotides that was flanked by
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leader and trailer sequences of 206 and 819 nucleotides respectively. This ORF encodes a
protein of 702 amino acids of which the first 20 amino acids were predicted to constitute the
putative signal peptide (Fig. 1). The mature protein displayed typical features of members of
the GpHR family. The predicted EC domain contains 377 amino acids, including the signal
peptide, followed by a putative 7TM domain and an intracellular C-terminal domain.

The sbsFSHR protein showed the highest identity with FSHRs of other fish species
(81%-53%), followed by mammalian FSHRs (46%-45%), chicken FSHR (45%), mammalian
LHRs (44%-43%), chicken LHR (41%), fish LHRs (41%-38%), reptile FSHRs (47%-46%)
and fish and mammalian TSHRs (39%-35%). Amino acid sequence alignment of the
sbsFSHR with other glycoprotein receptors, made clear that the most conserved regions of the
receptor are the TM domain and the intracellular loop between TM I and TM II, whereas the
least conserved areas are the EC domain (Fig. 2) and the intracellular loop between TM V and
TM VI. The ClustalX alignment also revealed the presence of specific signature sequences
(e.g. '®CCAF, ***FNPCED, “’ERW, **FTD, **NPFLY), highly conserved in GpHRs
(Vassartetal., 2004) (Fig. 2).

When aligning the amino acid sequence of the sbsFSHR with other fish and human
FSHR sequences, two insertions and one deletion were identified in the EC domain of the
sbsFSHR (Fig. 2). The first insertion, of 9 amino acids, is placed just after the signal peptide.
The second one, considerable larger (25 amino acids), begins in amino acid position 80.
Finally, a 30 amino acid deletion, with respect to the human FSHR (hFSHR), is easily
identified in the C-terminal region of the EC domain, in the middle of the cysteine-rich
cluster. This deletion is present in other fish FSHRs.

Predictions for N-glycosylation sites identified five motifs in the sbsFSHR at positions

“NTT, *’NGT, *®NLT, **’NRS and ®'NST (Fig. 1). In other fish species, these potential
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sites are also present, but only the first two are conserved in the hFSHR (Fig. 2) (Davis et al.,
1995).

Pfam database searching and further comparison with the hFSHR allowed the
identification of 10 imperfect LRRs in the sbsFSHR, with lengths ranging from 22 to 25
residues. One of these repeats is within the 25-amino acid insertion mentioned above, and
thus would correspond to an additional LRR (Fig. 1 and 2). In the areas flanking the LRR
region, two (Cys* and Cys®) and six cysteines (Cys at positions 316, 317, 333, 349, 357 and
367) exist in the sbsFSHR, which could represent the N- and C-terminal cysteine-rich clusters
respectively.

The TM domain of the sbsFSHR consists of 263 amino acids, and includes seven
stretches of 21-23 predominantly hydrophobic residues predicted to form a-helices and
connected by three intracellular and three EC loops (Fig. 1). The first and second EC loops of

528
)

this domain contain two highly conserved cysteines (Cys®? and Cys™®), predicted to form an

intramolecular disulfide bound, which constrains the protein (Gudermann et al., 1995). The

conserved ERW motif can be found at the bottom of the predicted TM III, and contains Arg*’™®

and Glu*"’, that would form an ionic lock with Asp®”®

at the cytoplasmic end of the TM VI.
Activation of the receptor involves the disruption of this ionic look, which causes a crucial
movement of these two a-helices. The NPxxY motif is also present, and includes Asn®? one
of the most conserved residues in rodopsin-like GPCRs. Ithas been suggested that this
residue would be implicated in the activation mechanism by switching its interaction between
two aspartic residues, both existing in the sbsFSHR (Asp”? and Asp*"®) (Vassart et al., 2004).
Phosphorylation site predictions identified two potential phosphorylation sites, Thr'®® and

669

Ser’”, in the third intracellular loop and 5 potential phosphorylation sites, Thr®”, Ser®®,

Ser®”! Ser® and Ser®, in the intracellular C-terminal domain. From them, Thr*® and Thr®*

14
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are potencial phosphorylation sites for protein kinase C, while Ser’’" and Ser® are potential
sites for protein kinase A phosphorylation.

The sbsLHR sequence. The single isolated clone for the sbsLHR contained a cDNA
insert of 2228 bp. Sequence analysis revealed that this clone did not contain the full length
sbsLHR cDNA, as it was lacking coding sequence atits 5’ end. Based on information
obtained from the genomic sequence of the sbsLHR (unpublished data), a specific primer
(Ihr30) annealing to the 5 UTR of sbsLHR gene was designed. It was used for PCR
amp lification of testis cDNA in order to obtain the remaining sbsLHR cDNA sequence. The
combination of this PCR product plus the cDNA sequence obtained from the library yield a
sbsLHR cDNA sequence of 3172 bp. It consists of an ORF of 2166 bp that codes for a 721
amino acid polypeptide, flanked by 5> UTR and 3° UTR of 158 bp and 848 bp, respectively.
The first 21 amino acids were predicted to constitute the putative signal peptide. The complete
nucleotide and deduced amino acid sequence are shown in Fig. 3. sbsLHR contains all the
features of a GpHR. The large EC amino-terminal domain consists of 388 amino acids,
including the signal peptide. Searches in the Pfam database and alignments with other GpHRs
allowed us to identify, within this domain, nine imperfect LRRs, with sizes raging from 21 to
25 amino acids each. These LRRs are flanked by ten conserved cysteines, four of them in an
N-terminal cluster (Cys at positions 27, 31, 33 and 40) and six in a C-terminal group (Cys at
positions 283, 284, 308, 360, 368 and 378). The predicted TM domain, of 261 amino acids,
includes 7 stretches of hydrophobic residues. The intracellular C-terminal domain consists of
72 amino acids and has two highly conserved contiguous cysteines (Cys®® and Cys®®). Three
N-glycosylation motifs were identified in the sbsLHR EC domain at positions “NVT, '®NLS,
and "’NGT (Fig. 3). Only two of them, the second and third, are conserved between
mammalian and sea bass LHRs. (Vu-Hai et al., 2000). NetPhosK 1.0 prediction server found

one site, Thr”", in the third intracellular loop of the TM, and six sites, Thr*? Ser®”!, Ser®’,
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Ser®™, Ser®? and Ser”"! in the intracellular C-terminal domain of the sbsLHR, predicted to be
phosphorylated by protein kinase C.

The sbsLHR protein has the highest identity to LHRs of other fish species (86%-
45.5%), followed by chicken LHR (51%), mammalian LHRs (49%-48%), mammalian FSHRs
(46%-45%), reptile FSHRs (44.5%-38%), fish FSHRs (43.5%-37%) and mammalian and fish
TSHRs (41%-37%). Sea bass FSHR and LHR EC domains are 28% identical, while their TM
and mtracellular domains are 64% identical. The overall amino acid identity between these
two sea bass proteins is 41%. Alignment of the sbsLHR amino acid sequence with other
LHRs, showed that the most divergent areas are the C-terminus of the EC domain and the
intracellular domain (data not shown). Similarly to the sbsFSHR, highly conserved GpHR
signature sequences (e.g. SENPCEDIMSA, “®*ERW, 'FTD, 644NPFLY) (Vassartetal,,

2004) were also found in the sbsLHR.

Phylogenetic analysis

The evolutionary relationship of the sbs FSHR and sbsLHR to other members of the
GpHR family was inferred by performing a phylogenetic analysis by the Neighbour-joining
method. The topology of the resulting rooted tree (Fig. 4) shows three main groups: LHR,
FSHR and TSHR lineages. The LHRs are separated from the other GpHRs in 73% of the
replicates while the FSHR and TSHR clades presented a bootstrap value of 78. As predicted
by fish evolutionary relationships (Nelson, 1994), sbsFSHR and sbsLHR sequences exhibit

the closest relation with the seabream gonadotropin receptors.

Expression analysis
The tissue expression pattern of the sbsFSHR and sbs LHR was analyzed by RT-PCR

(Fig. 5A, B). sbsFSHR mRNA was only detected in gonads, and higher levels were seen in
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testis compared to the ones observed in ovary. No transcripts were amplified in the somatic
tissues analyzed (Fig. SA). On the other hand, the sbsLHR showed the highest expression in
gonadal tissues, but lower expression levels were detected in different somatic tissues, from
which the head and ventral kidneys as well as the spleen presented the strongest amplification
signal (Fig. 5B). Sequencing results from two randomly selected RT-PCR products (liver and
gills) confirmed the authenticity of these extragonadal amplicons (Fig. 5B).

Northern blot analysis of poly (A)” RNA and total RNA from sea bass gonads, using the full
length sbsFSHR cDNA as a probe, revealed two faint hybridization signals corresponding to
two different transcripts. One of approximately 3 kb, which corresponds to the full length
mRNA and another of 1.8 kb that would be consistent with the existence of an alternatively
spliced shsFSHR transcript (Fig. 5C). When the sbsLHR cDNA was used as a probe, a faint
and diffuse hybridization signal, of approximately 3 kb, was detected; this could contain
sbsLHR transcripts slightly different in size (Fig. 5C). No signal could be detected in Northern
blot when total RNA was used (data not shown). The level of expression obtain for both
receptors in the Northern blot analysis, indicates that the shsLHR is expressed to a much

lower level than the sbsFSHR.

To establish the cellular localisation and maturation stage dependent expression of the
sbsFSHR, we carried out an in situ hybridization on ovary sections of mature sea bass female.
When an antisense probe was used, a strong expression was observed in previtelogenetic
oocytes (Fig. 6A). Positive signals were also detected in the follicular cells of oocytes in early
and late stages of the vitelogenesis process (Fig. 6B, C, D). Little or no expression was found
in mature oocytes. No specific signal was generated with a shs FSHR-cRNA sense probe (data

not shown).

17
Page 17 of 43



Activation of the sbsFSHR and sbsLHR by gonadotropins

To test the functionality of the isolated sbsFSHR and sbsLHR we expressed their
cDNAs in HEK293 cells. It has been described (Tao et al., 2000) that the expression of a high
number of gonadotropin receptors per cell can result in an increase in the basal level of
activation of the receptor. With the aim of obtaining low amounts of receptor expressed per
cell we developed stable HEK293 clones containing the sbsF'SHR or the sbsLHR cDNAs. In
the case of the shsFSHR we analyzed those clones by Northern blot (data not shown) and
selected the one that rendered the lowest expression of the receptor. On this clone we
performed transient transfections with the pCRE-luc plasmid. To assess the functionality of
the sbsLHR, we developed stable transfected HEK293 cells expressing the sbsLHR and the
luciferase based reporter construct pCRE-luc (LHR-LUCI1O0 cells). The activation of
gonadotropin receptors results in the activation of the cAMP pathway (reviewed in Means et
al., 1980) what finally leads to the expression of genes containing CRE binding sites in their
promoters. Thus, the increase in luciferase activity as a result of its expression from the
pCRE-luc plasmid constitutes an indirect measurement of the increase in intracellular cAMP.

The sbsFSHR/pCRE-luc double transfectants were stimulated with different amounts
(0-5 pg/ml) of bFSH and bLH. When stimulated with bFSH we observed that the luciferase
activity increased following a dose-response curve, while those cells treated with bLH did not
show an increase in luciferase activity different from the untreated cells, even at high
concentration (5 pg/ml) (Fig. 7B). In a time course experiment we show that maximum
luciferase activity is obtained 6 hours after bFSH stimulation and no increase in luciferase
activity is obtained in those cells treated with bLH (Fig. 7A). All together these data show that
the sbsFSHR is specifically stimulated by FSH butnot by LH.

LHR-LUCI10 cells were stimulated with different amounts (0-5 plg/ml) of bLH and

bFSH. Treatment with bLH increased luciferase activity in a clear dose-dependent manner.
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Interestingly, bFSH was also effective in stimulating the sbsLHR in a similar way as the one
observed for the bLH, with luciferase activity being only slightly lower (Fig. 8A). On the
contrary, when LHR-LUCI10 cells were stimulated with conditioned medium from CHO-K1
stable clones producing recombinant sbsFSH, no increase in intracellular cAMP was observed
compared to the cells treated with CHO-K1 wild type medium. (Fig. 8B). On the other hand,
conditioned medium of CHO-K1 stable clones producing recombinant sbsLH was effective in

stimulating the sbsLHR (Fig. §B).

Discussion

This study describes the cloning of two sea bass cDNAs that code for a FSHR and a
LHR. They contain all the general structural features of a GpHR, but important differences
were observed in the sbsF SHR. Unlike hFSHR, sbsLHR and many other LRR-containing
proteins thathave four cysteines in their N-terminal cysteine-rich region, the sbsFSHR has
only two cysteines (Cys® and Cys®). This allows the formation of a single disulphide bridge
in the sbsFSHR with a different location than the two bridges found in the hFSHR (Fan and
Hendrickson, 2005), what suggests a different folding for each receptor in this region. In other
fish FSHRs the number of cysteines in this region is variable (Fig 2). Besides, the sbsFSHR,
as well as Nile tilapia and seabream FSHRs, have an insertion of nine amino acids in this
domain, precisely where one of the two cysteines is found (Fig. 2).

The N-terminal region is followed by the LRR domain. LRRs are usually involved in
protein-protein interactions, and are constituted of B-strand/0-helix units connected by a turn
and arranged in a horseshoe-like configuration (Kobe & Kajava 2001). We identified nine
LRR motifs in the sbsLHR, which match with the nine LRRs described for the hLHR. In the
sbsFSHR ten LRRs were identified, nine of them correspond with repeats of the hFSHR, and

the additional one is encoded by the 25-amino acid insertion described previously (Fig. 2).
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The presence of this extra LRR indicates that the binding domain of the sbsFSHR could have
a distinct curvature and size, influencing hormone recognition.

The crystal structure of the human FSH (hFSH) in complex with a fragment of the
hFSHR EC domain (hFSHR, ,50) has revealed how the hFSH-a and -f subunits bind the
receptor making contacts with all the [-strands of the LRRs (Fan and Hendrickson, 2005).
From the residues buried at the receptor/ligand interface either by one subunit alone or by
both hFSH-a and -B, few are conserved in the sbsFSHR. A higher preservation is found in
sbsFSHR LRRS5 (amino acids 163 to 171) that is predicted to interact mostly with FSH-a
residues. A key feature in this area is an aromatic ring interaction between Tyr™ of hFSH-a

"* of hFSHR, which correspond to Tyr9o and Tyr164 in their sea bass counterparts. In

and Tyr
addition, Asn'*’ and Gly"! make important contacts with different residues in the o-subunit,
and both are conserved in sbsFSHR (Asn169 and Glym).

Although collective interfaces may contribute to the specificity of binding, three
potential determinants of specificity have been identified in the hFSHR (Fan and
Hendrickson, 2005), namely residues Leu™, Lys'”’ and the combination of Glu™ and Arg'"".
In the hFSHR, Leu” makes hydrophobic contacts with Arg42 of hFSH-a, and Leu” and

Tyr'” of hFSH-B. In the sbsFSHR, GIn" is equivalent to hFSHR Leu™, which still allows

hydrophobic interactions with Lys* of sbsFSH-a and Gly** and Ser”® of sbsFSH-B (Mateos et

179

al., 2003). In the second specificity pocket of the hFSHR the side chain of Lys = hydrogen

bonds with Ser® and Asp® of hFSH-. In sbsFSH-PB, Thr* corresponds to human Ser®; both
hydroxyl side chain amino acids, and human Asp90 is substituted by Glu®, both negatively
charged. Thus, these sbsFSH residues could host the side chain of sbsFSHR Arg*®, a polar
hydrophilic positively charged residue equivalent to hFSHR Lys”g. The sides of this channel
are formed by the basic residues Lys™ and Lys™ of sbsFSH-a (Lys”' and Lys’' in hFSH-a),

which would make salt bridges with two conserved acidic residues in the sbsFSHR, Asp190
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and Asp'”. The third specificity determinant is based on polar interactions of the contiguous
residues Arg’’ and Val®® of hFSH-{ with the hFSHR residues Glu’ and Arg'”' respectively.
These two residues are spatially adjacent in the human receptor, however, in the sbsFSHR the
additional LRR would originate an extra turn there, spatially separating the equivalent sea
bass residues, and therefore preventing the formation of equivalent bonds. Consistently, those
human residues are not conserved in sea bass.

For the LHR there is no crystal structure available, but six ionizable amino acids of the
rat LHR (rLHR) EC domain involved in ligand binding (Bhowmick et al., 1999) are
conserved in the sbsLHR, or substituted by residues with similar size, shape and chemical
composition. These are r(LHR Glu'?, AspBS, Lyslsg, Lysm, Glu'"** and Asp206, which
correspond to Asp'*®, Asp'®, Asn'™®*, Lys*”, Asn®'* and Asp™? in the sbsLHR. Besides, two
residues located in the LRR3 of the hLHR, namely Asn'" that is an LH-selective determinant
(Vischer et al., 2003a), and Ile''* that is essential for ligand binding (Leung et al., 2006), are
conserved in sbsLHR (Asn "', Tle''®). On the other hand, the rat and human LHRs have in
their LRRs two cysteines important for hormone binding (Cys'” and Cys"** in the rLHR),
which are probably bonded (Zhang et al., 1996). But, sbsLHR, and all known fish LHRs,
contain a serine (sbsLHR Ser™?) instead of rLHR Cys '*’, what prevents disulfide bonding.
Even so, the sbsLHR, like other fish LHRs, can be activated by mammalian LH, indicating
that its presence is not essential for fish LHR functionality.

Following the LRRs is the C-terminal cysteine-rich domain, which has six conserved
cysteines in all known FSHRs and LHRs, including the ones of sea bass. A crucial ligand
binding site has been found in hFSHR between the third and fourth cysteine of this domain
(Kene et al., 2005), but, interestingly, this site does not exist in fish FSHRs, due to a 30 amino
acid deletion (Fig. 2). Unfortunately, direct evidence of specific contacts is not available, as

the crystal structure of the hFSH-FSHR | 550 complex does not contain this domain.
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Despite the distinct features found in the EC regions of fish and mammalian FSHRs,
fish receptors respond to mammalian FSH, suggesting that those differences can be important
but not fundamental for ligand binding. Besides, this is consistent with the existence of
multiple FSH selective determinants in the hFSHR (Vischer et al., 2006).

sbsFSHR expression was exclusively detected in gonads, as found in other fish species
(Oba etal., 1999b; Bogerd et al., 2001). On the contrary, the sbs LHR is mainly expressed in
gonads, but also in other sea bass tissues, which is in line with reports in mammals (Frazier et
al., 1990; Meduri et al., 1997; Rao, 2001) and different fish species (Oba et al., 1999a; Kumar
et al., 2001b; Vischer and Bogerd, 2003; Kwok et al., 2005). In the sea bass, extragonadal
expression of LHR was remarkable in head kidney. Similarly, LHR expression in African
catfish was found to be higher in head kidney than in gonads (Vischer and Bogerd, 2003).
Moreover, in coho salmon two gonadotropin preparations effectively stimulated cortisol and
androstenedione secretion by the interrenal tissue, which it is located in the head kidney
(Schreck et al., 1989). Despite many reports on the presence of LHR in diverse extragonadal
tissues, their significance remains poorly understood due to the absence of in vivo data on
their functionality (Pakarainen et al., 2005).

In situ hybridization showed a strong expression of the shsFSHR in previtelogenic and
early vitelogenic oocytes, as observed in Nile tilapia (Oba et al., 2001) and zebrafish ovaries
(Kwok et al., 2005). This follicle-stage dependent expression strongly suggests a role for the
sbsFSHR in oocyte growth. However, in adult sea bass (Mateos et al., 2003) and other fish
species (Yoshiura et al., 1997; Kajimura et al., 2001; So et al., 2005), maximum levels of

FSH-[ expression are detected at the final stages of gamete maturation. This mismatch

between the expression of FSH-Land sbs FSHR could be explained by the spawning strategy
of sea bass. The sea bass has a group-synchronous ovarian development and spawns several

times per reproductive season. Steady high levels of FSH would ensure follicle growth of
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different clutches of oocytes during a rather long period, but only those ones producing FSHR
would be responsive.

In mammals, glycoprotein hormone/receptor interactions are very specific.
Conversely, functional studies in salmonids, catfish and cyprinids question the binding
specificity between teleost gonadotropins and their respective receptors (Yan et al., 1992,
Miwa et al., 1994; Oba et al., 1999a,b; Bogerd et al., 2001; Vischer et al., 2003b; Kumar et
al.,, 2001a,b; Basu and Bhattacharya, 2002; Kwok et al., 2005). In this study, sbsFSHR
displayed ligand selectivity as it was only activated by bFSH, but not by bLH. Besides, the
same results were obtained with conditioned medium of CHO-KI stable clones producing
recombinant sea bass FSH and LH; only recombinant sbsFSH could stimulate cAMP
production (unpublished data). On the contrary, the sbsLHR was activated by both bLH and
bFSH. The same behaviour was observed in zebrafish and amago salmon, bLH and bFSH
could activate their LHRs, while the FSHRs were only responsive to bFSH (Kwok et al.,
2005, Oba et al., 1999a,b). Nevertheless, other mammalian hormones can act in a different
way in other fish receptors (Kumar et al., 2001a,b; Bogerd et al., 2001; Vischer and Bogerd,
2003). This complex cross-activation warns about the use of mammalian hormones in
aquaculture, where they have been applied pharmacologically to overcome reproductive
dysfunctions caused by confinement.

Despite the promiscuous activation of the sbsLHR by bovine gonadotropins, this
receptor was only activated by recombinant sbsLH, but not sbsFSH. This divergent response

of the sbsLHR to bFSH and sbsFSH is probably due to sequence differences in their [3-

subunits. In the mammalian LH (-subunits, the presence of a net positive charge in the

stretch between conserved Cysw'11

(small seat-belt loop) is important for LHR binding.
However, bFSH, sbsFSH and sbsLH, like other mammalian FSHs, have a clear negative net

charge in this area; thus, charge differences are not related to the promiscuous activation of
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the sbsLHR. Indeed, fish B-subunits also contain a specificity determinant in this loop, but it
is not related to charge differences (Vischer et al., 2004). Considering the whole sequence of
the bovine and sea bass [-subunits, bFSH is more similar to sbsLH than to sbsFSH,
particularly between Cys'? and Cys®’. Furthermore, sbsFSH has five amino acids less than
the other three gonadotropins between Cys(*g, resulting in a shorter 33 loop. This fact could
influence hormone binding, as it has been suggested that the tips of 1 and 3 loops in the
hCG contact the receptor (Moyle et al., 2004). Another different feature of the sbsFSH is the
spatial position of the C-terminal seat-belt loop, between Cys''% In the bovine subunits and
sbsLH-[3 these residues are near 31 and 33 loops, due to a disulfide bond between Cys12 and
Cys’. Nevertheless, in sbsFSH, as in other perciform and salmonid species, Cys® is missing
(Mateos et al., 2003; Swanson et al., 2003). Instead, a cysteine is found in the very N-
terminus, which bonds with Cys'% placing the tail of the seat-belt far from p1 and B3 loops.
This difference could denote a different binding mode for the gonadotropin receptors of sea
bass and other fish species.

In summary, we have characterized, for the first time, both gonadotropin receptors in a
Perciform species. sbsLHR sequence is more conserved than sbsFSHR when compared to
other fish and mammalian receptors; particularly in the EC domain, where the sbsFSHR
contains an additional LRR. While shsFSHR is exclusively expressed in gonads, sbsLHR
shows a lower and more ubiquitous expression. Finally, the sbsLHR was activated by both
bovine gonadotropins, but our results suggest that the interactions between the sea bass
gonadotropins and their receptors are specific. However, additional experiments with different

hormone doses are needed to further assess this specificity.
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Figure Legends

Figure 1 Nucleotide and deduced amino acid sequence of the sbsF'SHR cDNA. Numbers on
the left refer to position of the amino acid (top) and the nucleotide residues (bottom). Amino
acid numbering begins with the proposed initial methionine. The predicted signal peptide is
indicated in bold italics. Cysteine residues of the N- and C-terminal cysteine-rich regions of
the extracellular domain are indicated by grey boxes. The ten B-strand motifs (X-L-X-L-X) of
the LRRs, identified by Pfam Blast and sequence alignment with the hFSHR, are shown as
arrows. Two potential N-linked glycosylation sites, conserved in the hFSHR, are indicated by
open boxes. The position of the seven predicted transmembrane helixes is shown as black
boxes. The nucleotide sequence has been submitted to the GenBank and is available under the

accession number AY642113.

Figure 2 Amino acid sequence alignment of the extracellular domain and the region that links
with the transmembrane domain of the FSHRs. Accession numbers: human (Hum)
AY429104, sea bass (Sbs) AY642113, Nile tilapia (Til) AB041762, seabream (Sb)
AY587262, amago salmon (As) AB030012, Atlantic salmon (Ats) AJ567667, rainbow trout
(Rtr) AF439405, zebrafish (Zbf) AY278107 African catfish (Ac) AJ012647, channel catfish
(Cc) AF285182. The numbers on the right refer to amino acid position. sbsFSHR (Sbs)
sequence is highlighted in bold letters. Amino acid residues conserved in all sequences are
boxed in grey. Asterisks indicate the cysteines conserved in the sbsFSHR. Black bars over the

sequence indicate the B-strand motif (X-L-X-L-X) of the LRRs.

Figure 3 Nucleotide and deduced amino acid sequence of the sbsLHR cDNA. Numbers on
the left refer to position of the amino acid (top) and the nucleotide residues (bottom). Amino

acid numbering begins with the proposed initial methionine. The predicted signal peptide is
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indicated in bold italics. Cysteines of the N- and C-terminal cysteine-rich regions of the
extracellular domain are indicated by grey boxes. Two conserved adjacent cysteines, present
in the intracellular domain and predicted to be palmitoylated are also indicated by grey boxes.
The nine B-strand motifs (consensus sequence: X-L-X-L-X) of the LRRs, found by Pfam
Blast and sequence alignments, are shown as arrows. Two potential N-linked glycosylation
sites, conserved in the hLHR, are indicated by open boxes. The position of the seven
predicted transmembrane domains is shown as black boxes. The nucleotide sequence has been

submitted to the GenBank and is available under the accession number AY642114.

Figure 4 Phylogenetic tree of fish GpHR amino acid sequences inferred from the Neighbor-
Joining method. Accession numbers: sbsLHR (AY642114), amago salmon LHR (AB030005),
channel catfish LHR (AF285181), Nile tilapia LHR (AB041763), gilthead seabream LHR
(AY587261), African catfish LHR (AF324540), rainbow trout LHR (AF439404), Atlantic
salmon LHR (AJ579790), zebrafish LHR (AY424302), amago salmon TSHRa (AB030954),
amago salmon TSHRb (AB030955), striped sea bass TSHR (AF239761), Nile tilapia TSHR
(AB047390), Atlantic salmon TSHR (AF406603), African catfish TSHR (AY129556),
sbsFSHR (AY642113), African catfish FSHR (AJ012647), channel catfish FSHR
(AF285182), amago salmon FSHR (AB030012), Atlantic salmon FSHR (AJ567667), rainbow
trout FSHR (AF439405), Nile tilapia FSHR (AB041762), gilthead seabream FSHR
(AY587262), zebrafish FSHR (AY278107). The LGR sequence from the Caenorhabditis
elegans (AF224743) was used as the outgroup. Bootstrap values (in %) from 1000 replicates

are indicated for each tree node.

Figure 5 RT-PCR expression analysis of sbsFSHR (A) and sbsLHR (B) in adult fish tissues.

Specific primers encoding a segment of the transmembrane or extracellular domain were used
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for cDNA amplification of sbs FSHR and sbsLHR respectively. The presence of introns in
these areas of the genes guarantees that amplification comes exclusively from the mRNA. The
integrity of the RNAs was verified by uniform amplification of the sea bass /8S rRNA
transcript. (C) Northern blot analysis. Poly (A)+ RNA from ovary (lane 1) and total RNA
from testis (lanes 2 and 3) and ovary (lane 4) from 2 adult animals were probed with the full
length sbsFSHR cDNA (left panel). Poly (A)+ RNA from ovary was probed with the
complete sbsLHR cDNA (right panel), the RNA in this membrane is identical to lane 1 in the
left panel. This blot was much longer exposed than the sbsFSHR blot. The numbers on the left
correspond to the localization of size marker RNAs (in Kb). Arrows indicate the position of

two sbsF'SHR mRNAs of about 1.8 and 3 Kb, and one sbsLHR transcript of about 3 Kb.

Figure 6 In situ hybridization of shs FSHR antisense riboprobe in ovary sections of sexually
mature females. Expression of sbsFSHR (dark grains) was observed on the follicular wall of
oocytes in previtelogenesis (A), in cortical alveoli stage (B) and in later stages of
vitelogenesis (C, D). Higher magnification in photomicrograph D clearly shows expression in
the follicular wall (fw) while the surrounding areas are free of signal (zp, zona pellucida; cyv,

cortical alveoli; yv, yolk vesicle; 00, ooplasma). Scale bar: 50 pm.

Figure 7 Functional analysis of sbsFSHR expressed in HEK293 cells. A stable clone
containing the sbsFSHR was transiently transfected with the reporter plasmid pCRE-Luc. (A)
Temporal luciferase activity in response to 1 pg/ml of bFSH, bLH or untreated (Control). (B)

Luciferase activity after 6-h treatment with different dosis of bFSH and bLH.

Figure 8 Functional analysis of sbsLHR expressed in HEK293 cells. A double stable clone

expressing the shbsLHR and the reporter construct pCRE-Luc was developed. (A) Luciferase
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activity after 5-h treatment with different doses of bFSH and bLH. (B) Luciferase activity
after 5-h treatment with a single concentration of conditioned medium of cultured CHO-K1

wild type cells (Control) or stable clones producing recombinant sea bass LH or FSH.
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Table 1. Primers used in the PCR experiments®.

Primer Nucleotide Sequence (5’ -3")° Touchdown®
position Annealing Temp

fshr1 1419 TTCCTKATGTGCMACCTIKCMTTTGC  70°C max — 55°C min Forward
fshr2 2113 AGGAARGGRTTGGCRCAIGARTTKAT  70°C max — 55°C min Reverse
fshr6 1779 RYSAGYATCTGYCTICCCATGGATGT  65°C max — 55°C min Forward
fshr8 699 CTGACTATYTCMAACACNGGNCT 65°C max — 50°C min Forward
fshr9 1865 GAAAGCCAGGATGTTGAGGAG 65°C max — 50°C min Reverse
fshr25 1339 TCCTCATCTGGATCATCTCCAT 65°C max — 55°C min Forward
fshr26 1621 GTTAATGTGAACACTGACAGCTCA 65°C max — 55°C min Reverse
lhr 21 1090 CTCTCATCACAATAAGTAGAGTCA 60°C max — 55°C min Reverse
lhr 23 811 TGGATCACTCTGAGGTTTCGATTATTC  70°C max — 55°C min Reverse
lhr 24 535 AGGTTATTGAATGTCCTTCTGCCAATGTG 60°C max — 55°C min Reverse
lhr 30 1 CACTTGATGAGAAGTTGAGTAACA 60°C max — 55°C min Forward
lhr 35 484 TCCAGAACACGAGGAGTCTGAT 70°C max — 55°C min Forward
518S TCAAGAACGAAAGTCGGAGG 65°C Forward
3'18S GGACATCTAAGGGCATCACA 65°C Reverse

* Primers were obtained from Invitrogen Corp.(Carlsbad, CA).
by=Cor T,R=Gor A,K=TorG,M = A or C, and [ = deoxyinosine.

¢ Touchdown-PCR was used for amplification. Maximum and minimum temperatures achieved during annealing step,

are indicated for each primer.
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CACACTTCTTCCCT CTTCAACCTGGCGGT GAACCCAGAGT TGTGAGACGAAAAAAAAAAACAACCCATTCATGATATCAAATGT GGAGT GTGSGCTCTGT

GAGAAGGOCTGAACACACGTGAACACAGAGEGAAACAACAGT GAGAGAGT GT GAGGAGAAGCAGAAGAAGAAGAAGAGAAACAACCTGGACTGT GGACAG
MMMV MI LI ML MI L MI KTATASVZPGPEMDVKP

ACTGOGATGATGAT GGT GATGATT CTCAT AAT GT TGATGATT CT GAT GATAAAGACGGCAACAGOCTOGGT GOCTGGEOCCAGAGAT GGACGTTAAACCAG

GVETSLAKRTLSFICYQLKFGVTEIPSSI S S[NTTC
GAGT GGAGACCAGCTTGGCCAAACGAACCCTGAGCT T CT GCT ACCAGT T GAAGT TTGGGGTCACAGAGATT COCTCCAGCATCT CCAGCAATACTATAT G
—_— —_——

L EV KQTEI VVI PQGALNSLIQHLIRIKTLTI WENDKL
CCTGGAAGT TAAGCAGACGGAGAT CGT AGTGAT T CCCCAGEGCGCCCTCAACAGCCT GCAGCACCT CAGGAAACTCACCAT ATGGGAGAACGACAACGCT G

E SI NEFAFASL SQLTDI FI S§SGNVALI KNI GAFATF
GAGAGTATCAAT GAGT T TGOCT TCGOCAGCOCT CT CTCAGCTCACCGATATCT TCATCTCTGGGAAT GTTGCGT TAAAAAAT ATAGGAGCTTTTGCTTTCT

s bLPELTEI TI TKSKHLTHI NPDAFIKUDI VKLIKY.L
CTGATCT GCCTGAACTCACTGAGATAACCATAACAAAGT CAAAACACCT GACACACATCAAT CCAGATGCATTCAAGGACATTGTGAAACT GAAGTATCT
——
TI1 ANTSGLRLFPDZFTIKI HSTSGLILLUFDLMHDNSUHI E
GACCATCGCCAACACTGGACTGAGCCT TT TTCCAGACTT CACCAAGATCCACTCCACAGGCCTGCT TCT GT TTGACCTGCACGACAACAGCCACATAGAG

R VPANAFKSGLTCTOQTI PEI RLTRNGI KEVASUDAF
AGAGTCCCCGOCAATGCTT TCAAAGGCCT CTGCACTCAAACT AT COCTGAGATACGGCT CACCAGAAAT GGCAT CAAGGAGGTGBCAAGTGACGCCTTCA

NG T KMHRLTFLRGNEKI QLTHI NPNAFVGSSELVVLD
ACCGCACAAAGATGCACAGATT GT TCCTAAGAGGCAACAAACAGCT T ACTCACATCAAT COCAACGCCT TT GTGGGT TCCAGT GAGT TGGT GGTACTGGA

I s QT AL SSLUPDYIl L GGLQKULI AESAPNLIKTETLWPFP
CATTTCCCAGACAGOCCTCAGCTCCCT GCOGGACTACAT CCT CGGT GGACTCCAGAAGCTGATCGCAGAGT CCGOCOCCAATCT GAAGGAGCTTCCTCCT

L ELFTKILHOQANLTYSSHCCAFMHNI HRNRSIK WNS
CT GGAGCTCTTCACCAAACTGCACCAGGECCAACCTGACGTACTCGTCACACT GCTGCGCCTT CCAT AACAT ACACAGGAACAGATCAAAGT GGAACTCCC

L' CS HPDAQGNLMHFYRDYCSNSTSI I €TPTOQDTUDFN

TGTGCTCOCACCCCGAT GCTCAGGGCAACCTT CACTTCT ACAGGGACTACTGCT CCAACTCCACCT CCATCATCTGCACCCCAACCCAAGATGACT TTAA
T™ |

PICEDI Ms AV PLRYVYMISESEIEIINNEEEEEEEEEYYSSENe N TV VL L VL

CCCCTGT GAGGATATCATGTCCGCCGT CCOCCTGORGGT CCT CATCT GGATCAT CTCCATCCTCGCACT GCTGGEGAACACAGT GGTACTTCTGGT CTTA

T™ ||
L GS RTKULTVPRF L MFSEEENNYNESEREEEEEY R e
TTAGGCAGCCECACCAAACTGACT GITCCOOGTTTCCTCATGTGOCACT TGGCCTTT TCTGACCTCTGCAT G3GCATCT ACCTGGT AGT CATAGCAACT G

™I
MEE T QG QY YNHAI DWQT G L G C s NN YNN
TAGACAT GCTCACT CAAGGCCAGT ACT ACAACCACGCCATAGACT GGCAGACGEGOCTCAECTGCAGT GT T GOGGGCT T CT TCACGGTGT T TGCCAGTGA

TN R WHT I THALRLDRKLRLRHNS
GCTGTCAGT GTTCACAT TAACAGCGAT CACCCTGGAGOGT TGBCACACCATCACACATGCTCTGCGGCT CGACCGT AAACT TCGTCTGAGACAT GCCTGT
™IV

I VMTAGWI FSAVAALILPTVG S SYGKVSsSIlI CL PWM
ATTGTCATGACAGCAGGGT GGATCTTCTCOGCCGTAGCT GCT TTGCT TCCCACAGT CGGAGT CAGCAGCTACGGCAAGGTGAGT ATCTGTCTGCCCATGG
™ V

DV EFLGSOQVYV S LLLLNILAFZFCVCGTCYIULSI1T Y L

ACGT GGAGT TTCTGGGEGTCTCAGGTCT AT GTGGT GTCACTTCTCCTCCT CAACATCCTGGCT TTCT TCT GCGTGTGCGGCT G TACCTCAGCAT CTACCT
™ VI

T VRNPSSAPAHADTR RV AQR MNNENENENEGSEEEERE R NN

GACCGT COGCAACCOCT CGTCAGCGOCGEEOOCACGCCGACACACGT GTGEOCCAACGCATGGCAGT CCT CATCT TCACCGACT TTGTCT GCATGECTCCC
™MV

I S F F A1 S AUy G-, K L L L VL FYPI NSC

ATCTCCTTCTTTGCCAT CT CAGCAGCCCT CAAGCTCCCT CTCAT CACAGT GT CAGACGCCAAACTCCTGCT GGT CCTCT TCTACCCGAT CAACT CCTCCT

S aEys: ' R T F RRDFFLLAARFGLFKTRAQI Y
CCAACCCCT TCCTGTACGCCTTCT TCACACGCACCTTCAGECGGGATTTCTTTCTCCTCGCAGCTCGCT TCGECCT GTTTAAGACCCGAGCACAGATTTA

RTESSSCQQPAWTSWPIKSSHVMLYSLANALSTLEG
CCGGACAGAGAGT T CCT CCTGT CAGCAGCCGEGOGTGGACCT CTCCAAAGAGCAGCCACGT GATGCT GTACT CCT TGGCCAATGCAT TAAGT CTAGAAGGG

K P E F *

AAACCAGAGTTCTGACT GT TAT TCAAAAGCAGATACAAACTTTTTGCTTAATTTTGT TGGT TTTCATGT AT CTCTGATATGT TGCCAGT AT TTTTGGCCA
GCACATCAGCTGCT GAT TCTTCAGACCTGACCTCAGACCTGCAACAACACAAGT ATCCAGTGTCCT TCT TAAACCATGT GT GACAACTCTACTGTATGT A
CAGT GTGTATAGAAAACCAAGT AATAGCT ACAGAACAACTGCAGATACT TTGACCAAAT CTAGGTCAAATGCECT GT CCCAGATAATTCCTTGIGITTGI T
TTAATTTGATTGGAACGCCAGATGGGT GGAGT TTACT GCATAAT AACAATTGAGT TCACAAGTAAATGT AGGAGGAGTATCAGAGGAGGTCAACTGACT T
TTACTTTCATGCAT TGT CT TAT AT AACAT CCATCTGGTGTCCCAAGATAATGAAACAAGCTTAAATACT TTGAATCTGT TTAATAAAGGT TTGACACTCG
GGATATCAGCAT AT GAACGTCAAGAAATCAACAT TCATT TAACATTCAACGT CATGATT GAATGAT ATT CATTAAGAAGCACACCGCAGGGACT TACTGT
TTAATAATCTCCTCATACACOGTCTGCTGTAGCT CTACATCCCT CCACATCCCTCTTACCCT TCAGTGT CCATATTTTTTTAATGAAGGACGTIGTAATTA
TCTTTGT AATGT AATTAGGTTGTGTAAAT GAAAGTACCACTGTTTTGTATATGT GTGTTTTGTACAGAATATAT CT TTGAGATGTAATTTCATGTCATTT
ATAAATTTGTTTATTCAAAAAAAAAAAAAAAAAA
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| ]
Hum - ------ MALLLVSLLAFLSLGSGCHHRI CHCSNRVFLOQESK- - - - - - - - - VTE! PSDLPRNAI ELRFVLTKLRVI QKGAFSGFGDLEKI
Sbs MMWM LI MLM LM KTATASVPGPEMDVKPGVETS- LAKRTLSFCYQLKFGVTEI PSSI SSNTTCLEVKQTE! VWI PQGALNSL QHLRKL
Sb - MVAM LI WTI VM KMAGASAPDAETDVKPGADESVLAKRTLSI CNQLPPEVTEI PSNI SSDTECLEVKQTQ GVI PRGAVHRLQHLRI L
Til MVLVMILMVLLI VTI KMAAASAHGSENDI RPGFHPS- LAKQTSCLSYQUMFGVTAFPSNI S- NAQCLEVKQTQl REI QQGTLSSLQHLMEL
As - MVKVKKI MKMLLCVL GCVSVBQAEVAMYNSGTTFTYLCMENT- - - - - - - - - | THVPTHI PKNTTDLEFKQTH RVFPQEAFTNLQQLTA
At's - MVKVKKI MKMLL CVL GCVCVSQAEVAMYNSGTTETYLCVGNT - - - - - - - - - | THVPTHI PKNTTNLEFKQTH RVFPREAFTNLLQLTAI
Rtr - MVKMKKI MKM_LCM GCVCYSQAEVAMYNSGTTETYLCMGNT- - - - - - - - - | THVPTHI PKNTTDLEFKQTH RVFPREAFTNLQQLTAI
Zbf M/LSMVLCFI LGCSI ANTEDTLAASQFCAFNGSTRSFI CLGNK- - - = - - - - - VHEI PRRI PTNTTFVE! KLTQ SVFRRAALSELHELKR!
AC ----- M_RY! LSW.VVHT GNVFL GSYACLASGTTRSFLCLGSK- - - - - - - - - VHQVPHHI PI NTTYVE! KLTQ | | FPYRAMSSLHDLKR!
CC ----- MVCFI L SW.MVHAGNMCL GSYACLANGTTRSFLCLGSK- - - - - - - - - VHQVPYH! PKNTTYVE! KLTRI | M.PSRAMSSLHDLKR!

] — ——
Hum El SONDVLEV] - - - - --------ommme oo EADVESNLPKLHEI RI EKANNLL Yl NPEAFONLPNLQYLL| SNTG KHLPDVHKI
Sbs TI WVENDKLESI NEFAFASLSQLTDI FI SGNVALKNI GAFAFSDLPELTEI Tl TKSKHLTHI NPDAFKDI VKLKYLTI ANTGLRLFPDFTKI
Sb 11 SKNEVLESI GAFAVAGLPQ TNI FI SENAELASI GAFAFSDLPEL TEMTT TKSKHLRHI HPDAFRNI VKLRVLI | SNTGLRVFPDFTKI
Ti | TI SENDLLESI GAFAFSGLPHLTKI LI SKNAALRNI GAFVESNLPELSEI | | TKSKHLSFI HPDAFRNVARLRFLTI SNTGLRI FPDFSKI
As  VLTENGMLES| ------------------------- GAFAFANLPRLTEI Tl TKSKHLVI | HHOAFI GLPKLSHLTI CNTGLRVLPNFSRI
Ats VLTENGMLES| ----------------mommnnnn GAFAFANLPRLTEI Tl TKSKHLVVI HHOAFMGLPKLSHLTI CNTGLRVLPNFSRI
Rtr VLTENGMLES| ---------------------o--- GAFAFANLPRLTEI Tl TKSKHLVI | HHOAFI GLPKLSHLTI CNTGLRVLPNFSRI
Zbf WSENGALERI - --------------mmmmmmom - EALAFFNLTELEEI Tl TKSKNLV- VHKDAFWRLPKLRYLTI SNTGLKI LPDFSQI
Ac MVSENGALORI ------------------------- EAYAFANLTI LEEI TI TKSKNLVSVDRDTFWGELPKLRYLTI SNTGL TVL PDFSKV
Cc LVSENGVLORI------------mmmmmmmmm oo - EAYAFANLTKLEEI Tl TKSKNLVCVDRHTFWGELPKLRYLTI SNTGLTVLPDFSKV

— — —— —
Hum HSLO- KVLLDI QDNI NI HT1 ERNSFVGLSFESV- | LW.NKNG QEI HNCAFNGT QL DEL NL SDNNNL EEL PNDVFHGASGPVI LDI SRTRI
Sbs HSTG- LLLFDLHDNSHI ERVPANAFKGLCTQTI PEI RLTRNG KEVASDAFNGTKMHRLFLRGNKQLTHI NPNAFVGSSEL VWLDI SQTAL
Sb  HSTAPDFLFGLQENSHI ERVPVNAFRGLCTQTI SEI RLTRNG KEVASDAFNGTKMHRLRLSGNQQL THI NPNAFVGSSEL VWLDI SHTAL
Ti | HSTA- CFLLDLQDNSHI KRVPANAFRGLCTQTFAEI RLTRNG KEVASDAFNGTKVHRLFL GGNROLTHI SPNAFVGSSEL VWLDVSETAL
As  HSAAMTFLLDLODNVHI VI | PSNAFLGLTTNTI DELRLTKNG SEVESHAFNGTKI HKL YL MGNL QL SHVHNNSFKGAEGPGFLDI SRTAL
Ats HSTALTFLLDLQDNVHI VI | PSNAFLGLTTNTI DELRLTKNG SEVESHAFNGTKI HKLFLMGNL QL SHVHNNSFKGAEGPGFLDI SRTAL
Rtr HSAALTFLLDLQDNVHI VI | PSNAFLGLTTNTI DELRLTKNG SEVESHAENGTKI HKLFL MGNL QL SHVHNNSEKGAEGPGFLDI SRTAL
Zbf NSAALEFLFDLODNVHI ERI PSNAFLGLTNATI TELRLTKNG REI DSHAFNGTKI GKLFLMGNQOLNHI HSYAFKGAEGPVWLDI SRTAV
Ac  QSAAFEFLFDLEDNVHI EVI HSNAFAGLTSGTI TELRLTKNG TEVERNAFNGTKMEKL FL MGNQOLKRI DNHAFL GAEGPLVLDI SRTAI
Cc  OSAAFEFLFDLEDNVHI EVI PSNAFAGLTSGTI TELRLTKNG TEVDRNAENGTKI EKLFLMENQQLKRI HNYAFLGAEGPLVLDI SRTAI

| *k *
Hum HSLPSYGLENLKKLRARSTYNLKKLPTLEKLVALMEASL TYPSHCCAFANWRRQ SELHP- | CNKSI LRQEVDYMI QTRGQRSSLAEDNES
Sbs SSLPDY!I LGGLQKLI AESAPNLKELPPLELFTKLHQANLTYSSHCCAFHNI HRNRSKWAS- LCSHPDAQGNLHFY- - - - = - - - - = - oo o -
Sb  SSLPENI LGGELQKLMAESVFRLKELPPLQLFNKL QEVHL TYPSHCCAFHNVHRNRSSWNAL L CSHPDAPGVPNFY- - - = = = = = = = = - = - - -
Til TSLPDSI LDGLKRLI AESAFNLKELPPI QLFTKLHQAKLTYPSHCCAFL NVHRNRSRWHS- L CDNPEAKNNLHFF- - - = - - - = == = - - - - -
As  SSLPESVLGEVEHL SAVSVFSLRTLPPLSLFTKLRQANL TYPSHCCAFHKHQRNRTFRMI SACFKPGAQNNLHFF- - - - = = - - - = - - - - - -
At's SSLPESVLGEVEHL SAVSVFSLRALPPL SLFTKLRQANL TYPSHCCAFHKHQRNRTFRMNSACFKPGAQDNLHFF- - - - = = - - = = - - - - - -
Rt r SSLPESVLGEVEHL SAVSVFSLRAL PPL SLFTKLRQANL TYPSHCCAFHKHORNRTFRMI SACFKPGAQNNLHFF- - = - - = = = - = - - - - - -
Zbf HTLPESM.KTLKLLMAVSVYSLRKLPSLELFTELTQANLTYPSHCCAFKNFKKHKSVKNG- MCNVTGAHEEPDFFNFF- - - - - - = - - - - - -
Ac  SSLPENMLRRLKLLI ATSVYSLRW.PNLEI FAEL TQANL TYPSHCCAFKNFKKNKLEKNH- LCNVSTI RNQEPYF- - F- - - - - === - - - - -
Cc  SSLPENMLRRLKLLI ATSVYSLRW.PNLEI FTELTQANLTYPSHCCAFKNFKKNKSEKNR- LCNDSTI RNQEPYF- - F- - - - === - - - - - -

Hum SYSRGFDMTYTEFDYDLCNEVVDVTCSPKPDAFNPCEDI MGYNI LRVLI WFI SI LAI TGNI | VLVI LTTSQYKLTVPRFLMCNLAFADL CI

141
181
181
180
147
147
147
147
143
143

230
271
272
270
238
238
238
238
234
234

345

411

SDS ---mmemmemeae RDYCSNSTSI | CTPTQDDFNPCEDI MSAVPLRVLI W | SI LALLGNTWLLVLLGSRTKLTVPRFLMCHLAFSDLCM 422
Sh cmmemmeeeeao KDHCSNSTAI | CTPTQDEFNPCEDI MSAVPLRI LI W | SI LALLGNAAVL LVLLGSRCKLTVPRFLMCHLAFSDLCM 424
Til meemmeeeeee o REYCSNSTNI TCSPAPDDFNPCEDI MSATPLRI LI W | SVLALLGNAVWLLVLLGSRYKLTVPRFLMCHLAFADLCM 421
AS  cmmmmmeeeeeeo- MDFCL NWI' SVACSPAPDAFNPCEDI MGSAPLRVLI W | SVLALLGNTI VLLVLLGSRAKMIVPRFLMCHLSFADLCM 390
ALS -cmcmmmmmemee MDFCLNWI SVACSPAPDAFNPCEDI MGSAPLRVLI W | SVLALLGNTI VLLVLL GSRAKMIVPRFLMCHLSFADLCM 390
RET —ccmmmmmmeean VDFCLNWI SVACSPAPDAFNPCEDI MGSAPLRVLI W TSVLALLGNTI VLLVLLGSRAKMIVPRFLMCHLSFADLCM 390
o) A NDHCKDVI EVTCYPTPDAFNPCEDI MGFTFLRVLI WFI SVLAI VGNTWLLVLLTSRYKLTVPRFLMCHLAFADLCM 392
AC mmmmmmmmeeeee EEHCKDVI EVSCYPEPDAFNPCEDI MGFTFLRVLI WFI SVLAVLGNFTVLLVLLSSHTKLTVPKFLMCHLAFADFCM 386
CC  mmmmmmmmeeas EEHCKDVI EVRCYPEPDAFNPCEDI MGFTFLRVLI WFI SVLAVLGNFTVLLVLL SSRTKL TVPKFLMCHLAFADFCM 386
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101

15
201

48
301

82
401

115
501

148
601

182
701

215
801

248
901

282
1001

315
1101

348
1201

382
1301

415
1401

448
1501

1601

515
1701

548
1801

582
1901

615
2001

648
2101

682
2201

715
2301
2401
2501
2601
2701
2801
2901
3001
3101

CACTTGATGAGAAGT TGAGTAACAGGT GGCTGACATT GT CCT CCGCACGGCT TCGAT GACGATCTGCTGCGGT TGCAGCAAAAGAGACT TTAAAGAAGGG
MWTSLPALIULFL S VL
CCAGAGATCTTAAT GOGCAGOGCT CAGOGGECAT CCCGGCTTCT GTGCGTTT TACAGAATGT GGACCTCGCTGCOGECGCTCTTGI TCCTGICTGITTTG

G FY GCKU CAPGFGCPRICRCFSNTI R CNNVTQGS
GGCT TCT ACGGATGCAAGT GOGCT COGGGTTT CGGCT GT COGAGGAT CT GOCGCTGT TTCTCCAACACAAT CAGAT GCAACAAT GT AACTCAAGGGTCGG

A LMMDHRD KR RLV FFYHLSLNTI SSHSZFDSGLIKSGVOQR
OGCT GAT GATGGAT CACAGAGATAAAAGACTGT TTTTCTATCATTTGTCTTTGAACACCATT TCCAGCCAT TCT TT TGATGGT T TAAAAGGAGT CCAGAG

I EIT"TAQSVTLETI EALAFNNTLTILI[NL SSET SV QNTR RS

GATT GAGAT TGCTCAGAGT GTAACCCT GGAAACCAT T GAGGECAT TAGCCTTTAATAACCTTCTCAACCT CT CTGAAATCTCAGT CCAGAACACGAGGAGT
—_—

L MHI GRRTJFNNLWPIKLMHYLSI S NTOGI TLFPDI TY
CTGATGCACATT GGCAGAAGGACATTCAATAACCTCCOCAAACT ACATTACT TGAGCAT CTCAAAT ACT GGGATAACCCTTTTCOCTGACATTACATATA

I NS L ESEF 1 LDI"CDNLYLLEI PPNAFI GLTIKTEYYV
TCAATTCTCTTGAATCCGAGT TTATCT TGGATATATGTGATAACCTGTATCT ACTGGAAATACCTCCTAACGCT TT CAT CGGACTGACAAAGGAGT ATGT

TMNTLYNNGI REI HDYATFINGTKI DKLVTILIKNNTR RN L
TACAATGAACCT GT ATAACAACGGCAT CAGAGAAATACACGACT AOGOCTTCAACGGGACAAAGAT AGATAAGCTGGTATT AMAGAATAAT OGAAACCT C

RVI HRY AFEGATG GPSGVLDVSATALTIKLUPPQOQGTLE
AGAGTGATCCACAGATATGCTT TCGAAGGAGCCACAGGACCT GGAGT CT TGGACGT T TCTGCGACAGCT CT CACAAAGT TGCCACCGCAGGGACTGGAGT

SVLVLFAQSAYA AL KSLZPPLOQGLWSLREAHLTYNS
CAGTTCTGGTGI TGTTTGCTCAGT CAGCATAT GCCTT GAAGAGT CTGCCTCCTCTGCAGGGACT GT GGAGCCTGOGAGAGGOCCAT CTCACCTACAACAG

HIC CALLSWNTMHRDTFSI NPAYNNDSTYCDTESTUDAO QL
TCACTGI TGTGCGCTGCTGAGCTGGAACACCCACAGGGACTTTTCCATTAAT CCTGCATATAAT AATGACT CTACT TATTGTGATGAGAGT GACCAATTA

AARVQRVI GGSADTTLVMDMPTFFSDVDILSETDEGF
GCAAGSGTTCAGCGTGT GATTGGAGGT TCAGCAGACACGACT CTAGT TATGGATATGCCATT TTTT TCAGACGT TGATTTATCT GAGGACGAGGCCTTTG

GDVNFHYPELIDZFCQTRPTIULVCTUPEADATFNUPCED.I
GAGACGT GAATTTCCACTATCCAGAGCTGGACT T CTGTCAGACCCGACCAACTTTGGT T TGCACACCTGAAGCAGATGCTT TCAAT COCTGTGAGGACAT
™I
A G F S F L RINNENMNMIIR S Y- T s F T S R N
TGCAGGT TTCAGTTTTCTCAGAGT AGCCATTTGGT TTAT CAACATACTGGOCAT CACAGGCAACCT GACAGTCCTCCTAGT CTCCT TCACCAGCCGCAAC
TM 1|
K L T V P RIHIN YTy o F R T
AAGCTGACGGTGOCTOGCT TCCTCATGTGOCACCTGGCT TTTGCAGACCTCT GCATT GGGAT CTACCTCCT AAT GATAGOCACAGT AGACT TCCGCACAC
T™M I
Q G H Y s Q H A | ENEEBEBEEEE<EYEE-NRN Y YN
AGGGOCACT ACAGT CAGCATGCTATTGAATGGCAAACAGGEGT CTGCTGTAGTGCTGCAGSCTTCCTGT CTGTGT T TGGTGEEGAGCTGTCAGT CTACAC

SIS = R W H T I T NALQI ERHLVYVLTQAAS | NINININN
GCTT TOCACCAT CACCCT GGAGOGCT GGCACACCAT CACCAACGCTCTGCAGAT AGAGCGOCAT CT GGT ACTCACACAGGCAGCGAGCATAATGGCGEC T
™IV
AN YAy < vV S MC L P MDI ETP
GGGT GGATCATCTGTCT GGGGATGEEGAT GCT GCCTCTGT 1T GGOGT GAGCAGT TACGCCAAAGT CAGCAT GTGCT TACCAATGGACAT AGAGACCCOCC
™ V
YNNIV | L | L L F NV GAFV VVCVCYVL | Y LS
TGGCTCAGGOCT TCATCATACT CATCCTGCTCT T CAACGTGGECGOCT T TGT TGT TGTGTGT GI TTGT TACGTGCT GAT CT ATCTGGCT GT GAAAAACCC
T™ VI
EFPRRSADT K I A K R VMEENGNGENEEEEEYE YN
AGAGTTCOCCAGAAGAAGCGCT GACACCAAGATT GCAAAGOGCATGGCT GIGCT CAT CT TCACT GAT T TCCTCT GCATGGECTOCCATCT CCT TCTT TGOC
T™ VI |
IE A AF KV P LI TV T NEISES Y-S
ATCT CTGCT GCATT CAAGGTCCCCCTCAT CACAGTCACT AACTCCAAGATOCTGCTGGT OCT CT TCTTCOCCAT CAATTCT TGT GCCAATCOCT TCCTT T

[MEM' FTKAFRKDAYO QLMSAMGICCKSZKASVYRMEKAY
ACGCTAT CTTCACCAAGGCTTT TAGAAAGGACGCATATCAGCTCATGAGT GCCATGGGATGCTGTAAAAGCAAGGCCAGTGTTT AT CGCAT GAAGGOCT A

CSENAI KSNLGSNNIKESGT GGRRAAVAGA QSHHL
CTGCTCCGAAAATGCAATCAAGAGCAACCTGGGATCCAATAATAAAGAAT CAGGCACAGGAGGGOGECGEECT GOGGT GBCAGGCECAGAGCCATCACCT G

K EEREL T *

AAAGAGGAGAGGGAGCT CACCT GAAAT AAAAAGATTCAAAAGTCTTT TAATT GGACAAT TGGTCAAGAGAAACT AAGGAAAAAAACAACTCATGCT GGAT
TTGGAGGAAATTACTCTAACAT GT TGACATTGAT GECATATTTTAAT CTGCACT GI TGGAGATATT TGT AT TAGAAAGT ATAAGAAAATCTTATTGCCT T
TTCCAAATCTGATATCAGT TCAACCCAAT AMAAAAATAGTTTTTTTGT TGACTGGI T AT GACAGGAAAAGT AAAACGAATAACACT GATGATCGCTCTGT
TGTTTCAGGTCCACCTGTAGI TTCATATGTCAAAATGTCTTGTAAAT ATACAGAAGAAACCT CT GGAAACAGCT ACTAAAT GGACCTTTATGGACCTTTG
TTGTATTGI CAGCT ATGAACTGTCATATCTCAGT ATT TAATGGGATGACCTAAACGAACAAGAAGACT T TAAAAAGCTGCCAAAAAACT GAAAT TTGAAA
CATCACCTGTTCAGATCTACTGAT TGT AT GACACAGT GT TAAACTCCT T GTGGT GAGACTGAGT GATCT GCTTCAT CCTAGCTTCATCT CCAAAGT TCAT
CT GAATGAGAAT CAAACCAGAGCT GTCAGT TTAT CTCAATGT TATTGAT GTATGT GAAATAAAT TGTCCGCTTCAT TCT GGGTGTGAAATTAAGAACATC
TATAGCCAT GGT TAGTATTTAAAGGI T AT AGCCT ATAGT TGACCACGT GGTGGAGTAGT TGGGAGGAAAACTTCTACACCACTTGAGITTTTGT TGTTCT
TTTGGCCTAAGGGT TTTTGGGATTATGTAATT CAAAATAAAAGACT T CACCT ACAAAAAAAAAAAAAAAAAA

Page 38 of 43



ACCEPTED MANUSCRIPT

sea bass 3

=& 3 bream
I- Alanbc salmon
100 o0k rainbow trout
H! amago salmon LHRs
3 ————— zebrafish
¥ L African caffish
channel catfish
100 tlapia /
1m0 — Striped bass

00 —— tilapia

—— amago salmon-a
b 100 L— amago salmon-b T
~————— channe| catfish

Afncan caffish y

sea bass

F s sea bream

W00 — lilapia

amago salmon
200 r Alantic salmon FSHRs
100 %51 rainbow trout
zebrafish
100 — channel catfish

100 L___ African caifish J

Caenorhabdilis elegans LGR

o4

Page 39 of 43


http://ees.elsevier.com/mce/download.aspx?id=10428&guid=10daedd5-9b6e-45ad-bfc3-4c8a39ff9971&scheme=1

N S
O -xb{# = +~ﬁ

shsFSHR

5
S o0 o o & b F e G
4P of & F & +"°b~z§’ FFe -a@f &8

shs18S

440 m

23T = Ei'

1,35 = {‘Il . -

Page 40 of 43


http://ees.elsevier.com/mce/download.aspx?id=10429&guid=a1cd56b7-5f7e-4745-8704-422520b2dd49&scheme=1

.

\NUSCR

y
eSS -l -

D

PTE

Page 41 of 43


http://ees.elsevier.com/mce/download.aspx?id=10430&guid=08e16608-01d6-4ae2-a157-028e3d0486d7&scheme=1

ACCEPTED MANUSCRIPT

A B
TIETY e ket T
[EE L RTR(]

R v E

B iaa - £

: § o

= |

L =] -

Page 42 of 43


http://ees.elsevier.com/mce/download.aspx?id=10431&guid=a160a890-72f2-40a6-baf0-aaa5994f2a6e&scheme=1

ACCEPTED MANUSCRIPT

L ewmsr metivity (ML)
i
Laseilormss sctivety (HIL )
i

i

LT L] i ] L] o e el 1
Hlsrmear i pgmip

Page 43 of 43


http://ees.elsevier.com/mce/download.aspx?id=10432&guid=be00104f-84da-4d7c-82d6-c1591cdc25f3&scheme=1

