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Abstract Receptors that transport vitellogenin (VTG) into
oocytes are of vital importance to egg-laying species be-
cause they mediate a key step in oocyte development. Here
we describe the cloning of the first piscine oocyte-specific
receptor cDNA, i.e., that encoding the VTG receptor from
the rainbow trout (Oncorhynchus mykiss). The receptor, a
826-residue type-l membrane protein, is a member of the
low density lipoprotein receptor (LDLR) superfamily. It
closely resembles the mammalian so-called very low density
lipoprotein receptors, in that its aminoterminal ligand bind-
ing domain consists of a cluster of 8 cysteine-rich repeats.
The short intracellular portion contains the internalization
signal typical for the LDLR superfamily, Phe-Glu-Asn-Pro-
Val-Tyr. Notably, the receptor lacks a domain with a high
density of potential O-glycosylation sites often found in so-
matic cell-specific members of the LDLR family. A specific
transcript of 3.9 kb is abundant in ovary, but undetectable
in muscle and heart, which are the major sites of expression
of very low density lipoprotein receptors in mammals. In
vitro translation of the full-length cDNA produced a 97-kDa
protein, and transient expression in COS-1 cells showed
that the cDNA encodes a protein of the same size that binds
vitellogenin in ligand blots. As revealed by in situ hybridiza-
tion, transcripts are present in previtellogenic oocytes, indi-
cating that production of receptor protein precedes the
phase of yolk deposition.il Our results in fish, together
with those in birds (Bujo, H., et al. 1994. EMBO J. 13: 5165-
5175) suggest that vitellogenesis provides a prime model
for the study of ligand/receptor systems designed to sustain
reproduction.—Davail, B., F. Pakdel, H. Bujo, L. M. Peraz-
zolo, M. Waclawek, W. J. Schneider, and F. Le Menn. Evolu-
tion of oogenesis: the receptor for vitellogenin from the
rainbow trout. J. Lipid. Res. 1998. 39: 1929-1937.
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Oocyte growth in oviparous species is dependent on the
uptake of nutrients and their storage as yolk, whose con-
stituents are subsequently used by the embryo during
early stages of its development. Among the major yolk
components, lipoproteins are predominant. For instance,

vitellogenin (VTG), a complex glycophospholipoprotein
synthesized by the liver under estrogenic induction, is
transported via the bloodstream to the ovary, where it is
sequestered by growing oocytes in cell-specific fashion.
Based on results of in vivo tracer studies in fish (1, 2),
VTG makes its way through multiple cellular and extracel-
lular layers surrounding the oocyte from the capillary net-
work dispatching blood at the periphery of the follicle. Af-
ter penetrating through the basal lamina and between the
granulosa cells, VTG reaches the oolemma by passing
along the oocyte microvillosities into channels in the zona
radiata, and is finally internalized by a selective mecha-
nism via specific cell-surface receptors involving coated
pits and coated vesicles (3). Proteins with high affinity for
VTG have been identified and characterized on oocyte
membranes from chicken (4), Xenopus (5), and several
fish species (6-11).

Detailed studies in the chicken have demonstrated that
a 95-kDa protein binds not only VTG but also very low
density lipoprotein (VLDL), triglyceride-rich particles of
hepatic origin (12, 13). Indeed, molecular characteriza-
tion of the chicken oocyte protein revealed extensive ho-
mology between it (14) and the mammalian so-called
VLDL receptors (VLDLR) (15, 16), a branch of the low
density lipoprotein receptor (LDLR) superfamily (14). El-
ements characteristic of this gene family are i) clusters of
cysteine-rich repeats constituting the ligand-binding do-
main; ii) epidermal growth factor-precursor repeats, also
containing six cysteines each; iii) usually 5 consensus tet-
rapeptide motifs, Phe/Tyr-Trp-Xaa-Asp, within subdo-
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transcription-polymerase chain reaction; LDLR, low density lipopro-
tein receptor; EGF, epidermal growth factor.
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mains of 50 residues each (17); iv) a transmembrane do-
main anchoring the receptor in the plasma membrane;
and v) a consensus peptide in the cytoplasmic domain,
Phe-Glu-Asn-Pro-Xaa-Tyr, that mediates the internaliza-
tion of the receptor via coated pits (18). In order to pro-
vide further information on the evolutionary aspects of
VTG receptors and to shed first light on regulation of vi-
tellogenesis in fish, we now report the molecular charac-
terization and expression of the VTG receptor from the
rainbow trout, Oncorhynchus mykiss.

MATERIALS AND METHODS

Preparation of mRNA and identification of rainbow trout
VTG receptor cDNA by RT-PCR

Total RNA was extracted from various tissues and from ovaries
of adult rainbow trout using a modification of the technique de-
scribed by Auffray and Rougeon (19). Ovaries were in the slow
developmental stage and contained early vitellogenic follicles
(mean diameter, 1.2 mm) (20). Poly A(+)-RNA was purified by
Dynabeads oligo (dT) (DYNAL) according to the manufacturer’s
protocol. To obtain a rainbow trout VTG receptor cDNA frag-
ment for use as probe in cDNA library screening, reverse tran-
scription-polymerase chain reaction (RT-PCR) was performed
with two degenerate primers, (A), 5-AT(CT)(CG)A(AG)TG
GCC(CT)AA(CT)GG(CAGT)AT-3, and (B), 5'-TA(GC)AC(GA)
GG(GA)TT(GA)TC(GA)AA(AG)TT-3', which are based on con-
served sequences in the epidermal growth factor (EGF) precur-
sor homology domain and cytoplasmic domain, respectively, of
rabbit VLDLR (15) and chicken VLDL/VTGR (14). Single-
stranded cDNA was synthesized from 5 p.g of poly A(+)-RNA us-
ing SuperScript reverse transcriptase (Gibco-BRL) and random
primers. Amplification of cDNA was performed with primers A
and B using the geneAmp PCR kit (Perkin-Elmer) on a Perkin-
Elmer Thermal Cycler 480. PCR parameters were 94°C for 1 min,
50°C for 1 min, and 72°C for 1 min for 30 cycles. Amplified prod-
ucts were separated by agarose gel electrophoresis, and products
of about 800 bp were excised and purified. Products were sub-
cloned into the pGEM-T vector (Promega). Several clones were
isolated and sequenced using Sequenase (US Biochemical).
Clone BL8, which encoded a sequence (635 bp open reading
frame) highly homologous to VLDL and LDL receptors, was
used as a probe for screening a rainbow trout ovary cDNA library.

Construction and screening of a cDNA library

Two pg of Poly A(+)-RNA isolated from ovaries containing vi-
tellogenic follicles with a mean diameter of 1.2 mm were used to
prepare double-stranded cDNA as described previously (21) with
Amersham’s cDNA synthesis system. The cDNA was ligated to the
EcoRI/Notl linker (Pharmacia) and then phosphorylated by
polynucleotide kinase for 45 min at 37°C. Double-stranded cDNA
was fractionated by gel filtration on a Sepharose 4B column
(Pharmacia). The largest fractions were pooled and ligated to
A\gt10 vector, which had been dephosphorylated and digested
with EcoRI (Stratagene) at a molar ratio of 1:1 (cDNA:lambda
phage DNA). The ligation products were packaged in vitro as
recommended by the manufacturer’s protocol (Promega Bio-
tec’s packaging system). In order to clone the full-length rainbow
trout VTG receptor cDNA, approximately 2.5 X 105 recombinant
phages were screened by plaque hybridization using 32P-labeled
BL8 under high stringency hybridization conditions (22). Sev-
eral positive clones were obtained, and the clone VTGR4kb, con-
taining a 3940 bp cDNA fragment, was purified, subcloned into
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the EcoRl site of pBluescript Il SK (Stratagene), and sequenced
on both strands. Nucleotide sequences were analyzed by the
Genejockey computer program.

Expression of rainbow trout VTGR in COS-1 cells and
in vitro translation

The 3940 bp cDNA fragment was subcloned into the EcoRlI
site of the mammalian expression vector pCMV5 (Invitrogen).
The resulting plasmid pCMV-VTGR4kb was used for transient ex-
pression. COS-1 (African green monkey kidney cells derived
from SV40-transformed CV1 cells) cells were maintained in Dul-
becco’s minimal essential medium (Sigma) containing 100
units/ml penicillin, 100 ng/ml streptomycin, and 5% fetal calf
serum. The cells were transfected using the DEAE-dextran
method. They were seeded in 10-cm dishes at a density of one
million cells/plate. After 36-44 h, the medium was removed and
the cells were transfected with either 10 g of CMV-VTGR4kb ex-
pression vector or the control plasmid (pCMV5). After 48 h at
37°C, cells were washed with cold PBS and harvested. Cell ex-
tracts were prepared and used for ligand blotting as described
previously (14).

The in vitro translation reaction was performed using 1 g of
pBluescript 1l SK plasmid containing the entire VTGR cDNA
(3940 bp) and T3 RNA polymerase in a rabbit reticulocyte lysate
(methionine depleted) with 740 kBq [%°]S-methionine. Reac-
tions were performed at 30°C for 60-120 min as recommended
by the supplier (TNT Reticulocyte Lysate System from Promega
Biotec). Translation products of synthetic mRNA were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and autoradiography.

Ligand preparation, electrophoresis and ligand blotting

Vitellogenin was obtained from plasma of estrogen-treated
male rainbow trout. Purification and radio-iodination were per-
formed as previously described (10) to specific activities of 300
cpm/ng protein. One-dimensional SDS-PAGE (7.5% acryla-
mide) was performed in the absence of reducing agents as previ-
ously described (23) using a minigel system (Mini-Protean II,
Bio-Rad). Electrophoresis was performed at 130 V for 90 min at
room temperature. Prestained high range molecular weight stan-
dards (Bio-Rad) were used. Electrophoretic transfer of the pro-
tein to PVDF membranes (Immobilon, Millipore) was performed
in transfer buffer (25 mm Tris, 192 mm glycine, 20% methanol,
pH 8.3) at 100 V for 1 h using a Mini Trans-Blot system (Bio-
Rad). Ligand blotting with [*25]l-labeled VTG was carried out
with 5% (w/v) non-fat dry milk as blocking agent in buffer con-
taining 25 mm Tris-HCI (pH 7.8), 50 mm NaCl, and 2 mm CacCl,.
Autoradiograms were obtained by exposing the dried membrane
to Kodak X-OMAT film for the indicated time at —70°C.

Northern blot analysis

Poly A(+)-RNAs were denatured at 65°C for 15 min in 50% form-
amide, 7% formaldehyde, 0.5 mm EDTA and 10 mm NaH,PO,,
pH 6.5. The samples were electrophoresed in a 1% agarose gel
containing 9% formaldehyde and 10 mm NaH,PO,, pH 6.5, for 1
h at 70 V, then transferred onto a nylon membrane (Biodyne Pall
Industrie). The membrane was prehybridized (5 h at 42°C) in hy-
bridization buffer (40% formamide, 5 X SSC, 50 mm NaH,PO,
(pH 6.5), 5 X Denhardt’s, 0.1% SDS, 100 wg/ml yeast tRNA) and
hybridized (16 h at 42°C) in hybridization buffer containing
[32]P-labeled probe (Rediprime DNA labeling kit, Amersham).
The full-length VTGR cDNA was radiolabeled and used as probe.
Four washings in 2 X SSC and 0.1% SDS were performed at 42°C
for 15 min and four washings in 0.3 X SSC and 0.1% SDS were
performed at 45°C for 30 min. Hybridization with a trout actin
probe was performed under identical conditions (24).
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In situ hybridization

Paraffin sections were dewaxed in toluene and rehydrated in
graded ethanol solutions, subjected to digestion with proteinase
K (2 pg/ml) for 15 min at 37°C and 0.2N HCI for 5 min at 23°C.
The sections were hybridized overnight at 55°C with [3°]S-
labelled probes (108 cpm/ 50 ml) in hybridization buffer. Slides
were then treated according to the method described by Le
Moine and Bloch (25). For autoradiographic visualization, slides
were dipped into Ilford K5 emulsion and exposed for 20 days before
developing. The slides were stained with 0.25% toluidine blue in
0.5% sodium tetraborate, before dehydration and mounting.

Probe synthesis

35S-labeled antisense and sense cRNA probes were prepared
by in vitro transcription from a 700 bp fragment of the VTGR4kb
cDNA. The transcription was performed on 100 ng of linearized
plasmid in the presence of 35S-labeled UTP (NEN, >3.7 10*
GBg/mmol) and T3 or T7 RNA polymerases. After alkaline hy-
drolysis, 250 bp cRNA fragments were obtained. The probes were
then purified on G50 Sephadex and precipitated in 3 m sodium
acetate (pH 5.2)-absolute ethanol 1:25, (vol/vol). Probes were
stored at —20°C until use.

RESULTS

Cloning of the trout oocyte VTGR

Two degenerate oligonucleotides according to consen-
sus nucleotide sequences in the chicken VLDL/VTGR
(14) and rabbit VLDLR (15) were used as primers in RT-
PCR to amplify cDNAs prepared from Poly A(+)-RNA of
trout ovary. Two products were obtained, subcloned into a
plasmid vector, and sequenced. Analysis of the clones, BL8
(635 bp) and BL13 (740 bp), showed that they were iden-
tical with the exception of an internal additional stretch of
105 bp in BL13. The deduced amino acid sequences
clearly identified the cDNAs as specifying a novel LDLR
family member. There was 69% identity with the chicken
VLDL/VTGR and 53% with the rabbit VLDLR. In addi-
tion, the extra 105 bp sequence in BL13 corresponded to
a serine- and threonine-rich stretch typical of the so-called
O-linked sugar domains in other (V)LDL receptors. More-
over, Northern blot analysis with BL8 as probe showed hy-
bridizing transcripts (~3.9 kb) in trout ovary, but not in
muscle or heart (not shown, but cf. Fig. 3 below), as ex-
pected for a receptor involved in oocytic VTG uptake. These
characteristics strongly suggested that BL8 corresponded
to the rainbow trout’s oocyte-specific VTG receptor.

Thus, BL8 was used as probe for screening our trout
ovary cDNA library. Of the four positive clones obtained,
clone VTGR4kb was the largest (insert size, 3940 bp) and
was further analyzed. Its nucleotide sequence (Fig. 1) con-
tained an open reading frame of 2544 bp encoding 847
amino acid residues, 48 bp of the 5’- noncoding region
and a 1348-bp 3’-untranslated region with a polyadenyla-
tion signal, AATAAA. Asingle ATG codon in the 5’ part of
the open reading frame presumably codes for the initiat-
ing methionine. According to the rules of von Heijne
(26), we assigned the mature protein’s aminoterminus to
a glycine following a 22-residue presumed signal sequence
(Fig. 1). A second hydrophobic region at amino acid resi-

dues 745-766 was tentatively identified as the transmem-
brane domain by structural analogy with LDLR family
members. All of the features typical of LDLR family mem-
bers were clearly discernible in the newly cloned protein
(Fig. 2): the ligand binding domain at the N-terminus,
containing eight repeats with six cysteines each; the epi-
dermal growth factor (EGF) precursor homology domain
with three cysteine-rich repeats named A, B, C; and a cyto-
plasmic region containing the peptide Phe-Asp-Asn-Pro-
Val-Tyr (FDNPVY), required for receptor internalization
via coated pits (18).

The molecular mass of the mature receptor protein,
calculated according to its deduced amino acid sequence,
is 91,254 Da. Compared to other VLDLRs and VTGRs, the
primary sequence of the trout VTGR is 68%, 72%, and
70% identical to those of the corresponding gene prod-
ucts from Xenopus, chicken, and rabbit, respectively. Sim-
ilar degrees of identity exist between the sequences in the
ligand binding domain (71-75%), the EGF precursor ho-
mology domain (68-73%), and in the transmembrane re-
gion (64-91%), respectively. The FDNPVY sequence in
the cytoplasmic domain (where overall identity is 71—
76%) is completely conserved between trout, Xenopus,
chicken, and rabbit VTG/VLDLRs. Our trout VTGR clone
did not contain an O-linked sugar domain, i.e., it repre-
sents the oocyte-specific transcript (27), in agreement
with being isolated from an ovarian cDNA library.

To further investigate the tissue distribution of VTGR
expression in fish, we used the full-length trout VTGR4
cDNA as probe in Northern blots using polyA(+)-RNA
isolated from trout vitellogenic ovary (28), muscle, heart,
and intestine. Figure 3A shows that a hybridizing mRNA of
the expected size (~3.9 kb) is found in the ovary, but not
in trout heart or in muscle, which are the major sites of ex-
pression of VLDLR in mammals (15, 29), or in intestine.
Figure 3B shows the result of a control hybridization of
the same RNAs with a trout actin probe (24).

In vitro translation and expression of
the trout VTGR in COS-1 cells

To determine the authenticity of the isolated cDNA
with that of the trout VTGR, we first performed in vitro
translation to produce 35S-methionine-labeled protein. A
rabbit reticulocyte lysate driven by the VTGR4 cDNA re-
vealed the synthesis of a protein with an apparent molecu-
lar mass of 97 kDa in SDS-PAGE under non-reducing con-
ditions (Fig. 4, left panel). The size of the identified band
is in good agreement with that calculated from the de-
duced sequence, as well as with that of the chicken VLDL/
VTGR (95 kDa) expressed in COS-7 cells (14). Likely, the
protein is identical to protein(s) previously identified by
ligand blotting with VTG in trout ovarian membrane ex-
tracts, reported to have M,s of ~110 kDa (10, 30).

Second, extracts of COS-1 cells transfected with the ex-
pression vector containing the entire VTGR cDNA (CMV-
VTGR4kb, see Materials and Methods) or with vector
alone were subjected to SDS-PAGE under non-reducing
conditions, blotted onto nitrocellulose membranes, and
the blots were incubated with purified trout 125I-labeled
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Fig. 1.

tcggcqcaqaacgacg&ggccaactctcacgctcagétacaccgcgaaATGTTCACGTCT%TﬂCTGGAGA "ACGGATATGTCTTCAACAGTGCG ACAC
' . M L T S I L E I L I L R I C L Q Q C G F V H

GGATCAAAGACAGAATGTGAGCCCAGTCAGTTCCAGTGTGGGAACGG TCGC TGCATCCCGTC TG TCTGGCAGTG TGACGGGGA TGAGGACTGC TCGGACGEGAGTGACGAGAACACC TGS
G s KTEQEPSQFQEOGE NG ROIPSVWQODGEDEDOSDGSDENTCEQ

GTTCGGAAGACCTGTCCAGAGGTGGACTTTG TC TG TCGTAA TGGCCAATGCGTCCCCAAGAGATEGC ACTGCGACGGAGAGCC AGAC TG TGAGGA TGGG TC TGACGAGCG TG TGGAAGTS
VRKTOAMEVDFVORNGQOUV?PEKRWHEODGEPDEETDGSDETRV VYE.YV

CACCAGGACCTGCCGTGTGAATGAGTTTAGC TG TEGGGACGEGTCCACCCAA TGCA TCOCCG TC TTCTGGAAGTG TGA TGGAGAGAAGGACTGCGATCACGGAGAGGATGARATG
HTRTQOQRVNETF S S@OGAGSTQEOTI PVFWKEDGCET KD EDHTG GETDTEHN

AGCTGTCGTAACATCACGTCCOCCTOGCTGEAGTTCACC TG TGCAAGCGGCCGCTECATCTCCCTTAACTTCG TC TG TANCGGGGAGGA TCAC TG TGG TGACGGGAGTGATGAGCAGGAA
SO NI TOASLEFTEOASGREI SLNFVEONGEDDEGDGSTDEQE

TGTGCTCCG TCCTCC TG TGGTCCCAGTGAGTTTCAGTG TGGCAATGCCACC TG TATCCC TGGCAACTGGG TC TG TGACGATGACG TGGACTGCCAGGACCAATCGGATGAGTCCCCTCAG
©r P s s@O6 P sSEFQEO6 NATOTI ?» 6 NWVEODDDVDEOQQDQQSDEST«PQ

CGATGTGGTCGCCAACCCACGCCGCCGGCCAAATG TTCATCCAGCGAGACACAGTG GGG TCTGGGEAG TCCATCCACCGCAAGTCGCAATG TGACGGGGACCCAGACTGCAAGGATGGE
R@G RQPTPEPAKEOSSsETQOG6¢ sceE@O@IHRKWeOObseoro@cx da

AGCGACGAAGCCAACTGTTCTGTTCGTACCTGCAGACCGGACCAGTTCAAG TG TGAGGACGGCAACTG TATCC ACGGCAGCAGACAA TGCAACGG TTTGCG TGATTG TGCAGA TGGCACT
S DEANQSVRTOR®PDQF XOEDGNEOIHGS ROCONGLRDIDEOADG GT

GATGAAGTCAACTGCAAAAAC TTGACACAGTGCAATGGCCCTGACAAATTCAAGTG TCGGAGTGGAGAG TG TATAGAGA TGAGTAAAGTGTGCAACAAGGCCCGGGACTGTCCAGACTGG
D EVNEOEKNLTQONG?PDIKTFKORSGEQOTIEHNS KVEONEKAIRDE®PODW

AGCGACGAGCCCATCAATGAGTGCAACCTGAATGAGTSTCTGC TGAACAATGGAGGC TGCTCCCACA TC TECAGGGACA TGG TGA TTGGCTTCGAGTG TGACTGCACCCCTGGACTGCAG
S DEPINTEENLNEQELTLNNGGEOSHIORD MV IGFEQODEOTT?PG L Q

CTCATAGACCGCAAGACCTGTGGCGACATCAATGAATGTATGAACCC TGGGATCTG TAGTC AGATTTIG TATCAACCTGAAGGGAGGTTATAAGTGCGAG TGCC ACAACAGC TACCAGATG
L I DREKTEGDINEQMYNUPGIOSQIOINLEKSGGY KOQEQOHN NS STYQHN

GACCCCACCACAGGAGTGTGCAAGGCTGTGGGCAAGGAACCCTGTCTTATC TTCACTAACCGCCGGGACATCCGGAAGC TGGG TC TGGAGCGGAGGGAGTACACCCAGATTGTGGAGCAG
D P TTG V CD K AV GKE®PCULTYFTNU R RDTIR RIEKTLTGTLERT RETYTOQTIUVESQ

CTGCGGAACACAGTGGCACTGGA TGCAGACTTCACCCAGCAGAGGATCTTC TGGGCAGACC TGAGCCAGAGGGCCATCTTTAGCACGG TG TTGGATAAGAGAGGAGATG TAGGAAGTCAT
L R NTV A LDADTFTOQQUR I P W A DL S QR AIF STV LD KU RGUDUVG S H

GTGAAGCTGATTGATAATGTGACACCTGTGGGGATCGCTGTGGACTGGATCTATAACAACATCTACTGGTtAGACCTCGGCACCAAGACCATTGAAGTGGCCAACTTCAACGGCACCAAG
vV K vV I D NV T P V G I'A V D W I Y NNTIUY W 8 DLG T K KTTIUEUVANTFNG T K

CGGAAGGTTCTCTTCAGCAGTGG TTTGAAAGAGCC TGCGTCCATCGC TG TGGATCCACTC TCTGGATTCCTCTATTGGTCAGACTGGGG TGAACCAGCGACGA TTGAGAAGTC TGGTATG
R K VL F 8 S G L K E P A S I AV DUPULSGF L XY ¥ 8 D WG EUPATTIEIKSGM

AACGGGGTTGACAGGCAGGTCCTGE TCCAGACTGATATTCAGTGGCCCAATGGAATCACTC TAGACC TGATCAAGAGCAGACTGTACTGGG TGGACTCCAAGC TGCACATGCTCTGTAGS
N GV DRQV LV QTDTIQWO®PNGTITTTULUDIULTII KSR RILIYXWNW YD S KTLHMILOCS

GTGGACCTGAACGGCGACAACCGTAGGAAAGTGCTGCAGTCCCCAGACTACCTGGCTCACCCCTTTCCGCTCACTGTGTTCGAGGATCGAGTATTCTGGACAGATGGGGAGAACGAGGCG
vV D L NG DNU RR RIKUVL QS P DY L AHU®PFALTTVF FEUDU RV PEWTDGENTEA-A

ATCTRCGGAGCAAACAAGTTCACAGGCTCTGATGTGATTACCCTGGCAAGCAATCTGAACGAGCCACAGGACATCATTGTTTACCATGAGCT!ATCCAGCTGTCCGGAACAAACTGCTGC
I Y G A NIKVF TG S DVI TLASNILNEU®POQDTITIUVYWHETLTIU QULSUGTNW

AATGAGAAGGG TC TGAACGGAGGCTETGCCTACATE TGCCTGCCAGCGCCACAGATC AACAAATACTCCCCAAAG TACACA TG TGCG TG TCCCCAAGACCAGACGCTAGCC TCAGACGCC
N EKGLNGGEO-aAYMEOLOPAPQINIKTYS?PEKYTOQAOPOQDOQTTLASTDA

CTTCACTGCAGACCAGAAGCCAACAGCAGTACATCCATCCACGAGGTGAACTTCACAGC TAGAGGATCTAC A
L H c) R P E A NS .S T S I HEV N E T ARG S T{AAWAI L PV L L L A MA A A

GGAGGCTACTTGATGTGGCGTAACTGGCAGC TGAAGAATAAGAAGAGCATGAACTTCGACAATCCAGTGTACCTGAAAACCACAGAAGAGGACCTCAACATTGATATCAGCAGGCACACC
R N W QL KNJIKJIKSMNUPDNPUVYLKTTETETDTLNTIDTISTRIHET

TCCAATATAGGCCACACATACCCAGCAATATCAGTGG TGAA TACAGAAGATGACTGTCATAACCAACCTTCCAAATGAL ccccatcggt ttactgacgetttggtectecttgecaacgac
S NI G HTT Y P A I SV VNTETDUDTCMHNQ ‘P S K .

ctecgtttctttagcagagttgecatccagatgecttotgaaaagecattacgttatcagttctggggatgttigtcatttgtgtgaatatgaattgtgtectacteecggetgegtttagac
aggcagcaccattgaatttttttacattttttaaaacattttitcacacattggtattttgaccaatcagatcacctctgaaaaatatatgtgattgatgaaaataccaattggtgggga
aaaaaaggtcagaattgtcattectgtttaaacgcagecttagtgtgtcaagggattttgggagetiggectctatatecccattectcoctcagecccaaaacatttcagattctacta
catacagtaagtagaaccttgtgttacttcagaacacgtgtgtgggtggtgatgcagagttectggtictgactttcagteccectggtggacatgtatttttgtgaatatttatttaaaa
gcatactttaggctgtacaaaatataagtataaaatatgtatgtttttttttcttatgaacattacctccagaagcacattcettctaaataatttttatgegactctgtgettgggaaga
tgagctctattgggaatgtgatggtactacatcatcatttgtaaaatattgtacataaaccetcttecocccaagaacagaatcaggactgaageacttigataaaatgttecgttgtaaa
taagattgtatacatttttgtagtaccagggtagagtaagatgtatttaaaactacatttaacttttgrattttagggtgggtttgtaaattcactctggetatctactetgatttcaga
gcactcttgtcagagcgcagcataactgatgaatttacaaacactcaacacccyttgaatatgaccggtgtcagtaaacatcggcaaaaaaaaaacattatattcttgccagecaccacag
ttagtcaccaacgctctggataacatgaacagectaaccaycectgetagggcaagtaaactggtcagagtgaggtgttctctcatttggetggaagtagetagctaactatagecagtt
agettgggtgettgactgecgttgtgagatcagaacgttcggatcaattctyaatttacaaacggccagagegoactcecagggtgaatttacgagtacaceettggtgttetgttgetge
gatccLtnccaaccttgcagagca:ggggaccaaacac:gtaccgtgaccdgaziiﬂacaagacccataagccac:caaaactcattgcttgaccttgagaactcaaaaaaaaaaaaaaa
aaaaaaaaa
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-22
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40

354
80

474
120

594
160

714
200

834
240

954
280

1074
320

1194
360

1314
400

1434
440

1554
480

1674
520

1794
560

1914
600

2034
640

2154
680

2274
720

2394
760

2514
800

2634
826

2754
2874
2994
3114
3234
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3474
3594
3714
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3954
3963

Nucleotide and deduced amino acid sequence of the cDNA encoding the trout VTG receptor. Nucleotide residues are numbered in

the 5’ to 3’ direction. The numbering of the amino acid sequence starts from the first aa of the mature receptor; negative numbers refer to
the signal sequence (boxed at the N-terminus). Cysteine residues are circled, the potential N-glycosylation sites are underlined, F/YWXD-re-
peats are indicated in bold letters and underlined, the transmembrane sequence (near the C-terminus) is boxed, and the FDNPVY-internaliza-
tion signal is indicated by bold letters. The polyadenylation signal is boxed; the nucleotide sequences of untranslated regions are in lower case.

VTG (Fig. 4, right panel, TB). Several proteins became la-
beled in both control and transfected cells, one of which
had a mobility corresponding to ~95 kDa; however, a pro-
tein migrating slightly slower than this band was clearly

1932 Journal of Lipid Research Volume 39, 1998

stained only in the transfected cells. Inasmuch as the bind-
ing of 125]-labeled VTG to all of these bands was competed
by an excess of unlabeled VTG (Fig. 4, right panel, NSB),
and COS-7 cells contain an endogenous 95 kDa protein
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Fig. 3. Characterization of putative VTGR mRNA by Northern
blot analysis. A: Poly A(+)-RNA (15 ng per lane) isolated from rain-
bow trout ovary (Ov), muscle (Mu), heart (Ht), and intestine (In)
were denatured and separated by electrophoresis on a 1% agarose
gel. Poly A(+)-RNA were transferred to a nylon membrane and hy-
bridized with 32P-labeled VTGR4kb probe as described in Materials
and Methods; autoradiography was for 5 days at —70°C. B: The
same poly A(+)-RNA preparations (3 pg per lane) were analyzed as
in (A), except that a 32P-labeled trout actin probe (24) was used for
hybridization; autoradiography was for 2 h.

known to bind both chicken VTG and VLDL (14), the ad-
ditional bands likely represent simian VLDLR family
members endogeneously expressed in COS-1 cells. In this
context, the equivalence of chicken and trout VTG in
terms of receptor binding properties has been demon-
strated previously (6). Likewise, one could consider that
such protein might exist in COS-1 cells. The additional
band in the transfected cells that bound VTG had an ap-
parent molecular mass of 97 kDa. These data demonstrate
that the isolated trout cDNA encodes a bona-fide VTGR.

Localization of VTGR mRNA in ovarian follicles

35S-labeled sense and antisense cRNA probes, prepared
by in vitro transcription from a 700 bp fragment of the
gene encoding for the VTGR, were used to perform in
situ hybridization on trout ovarian sections. Figure 5 (pan-
els A and B) shows that VTGR mRNA appears to be con-
fined to the cytoplasm of previtellogenic oocytes (150-200
mm diameter). No specific signals are present in the oo-
cyte nucleus and in surrounding cell layers (theca and
granulosa). In stage Il of oocyte development, which pre-
cedes the beginning of internalization of VTG into the oo-
cyte, a very strong and evenly distributed signal is ob-
served throughout the cytoplasm. On the contrary, there
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Fig. 4. Invitro translation and expression of VTGR in COS-1
cells. Left panel: one microgram of plasmid containing the entire
VTGR cDNA (+) or not (—) was used with rabbit reticulocyte lysate
in the presence of [3%]S-methionine as described in Materials and
Methods. An aliquot (10 wl) of the in vitro translation mix was sub-
jected to electrophoresis on a 10% SDS-polyaciylamide gel and au-
toradiography for 2 days. The arrow indicates the position of the 97
kDa in vitro translation product. Right panel: COS-1 cells were tran-
siently transfected with expression vector containing the entire
VTGR cDNA (+) or not (—) as described in Materials and Meth-
ods. The cell extracts (200 p.g protein/lane) were subjected to SDS-
PAGE under non-reducing conditions and transferred to nitrocellu-
lose membrane. Ligand blotting was performed with 125]-labeled
trout VTG (10° cpm/ml) alone (TB) or in the presence of an ex-
cess of non-labeled VTG (NSB); autoradiography was for 3 days.
The arrow indicates the position of the 97 kDa VTGR. Molecular
masses in kilodaltons (kDa) are also indicated.

is no more detectable signal in the larger, fully vitellogenic
oocytes (2 mm diameter; stage IV). Thus, during the
phase of rapid ovarian development, there seems to be lit-
tle or no transcription of the trout VTGR gene in oocytes
in which VTG uptake (i.e., VTGR protein level) is at a
maximum (28). Figure 5C shows the results of a typical hy-
bridization experiment with the sense (control) cRNA
probe; background staining amounts to less than 2% of
the specific signal.

DISCUSSION

We describe the cloning, sequencing, expression, and
transcript localization of the first piscine receptor for VTG
uptake into oocytes. The VTGR of rainbow trout, Oncorhyn-
chus mykiss, is a cell-specific lipoprotein receptor clearly be-
longing to the VLDLR branch of the LDLR superfamily
(14-16, 29, 31-33). Its molecular mass according to the
cDNA-deduced amino acid sequence is ~91 kDa, which was
confirmed by expression in COS-1 cells followed by ligand
blotting with 125I-labeled-VTG and by in vitro translation in
a reticulocyte lysate system. However, in previous ligand
blotting studies performed in rainbow trout, not one but
several follicle-membrane proteins have been demon-
strated to show affinity for VTG (10, 30). Upon close in-
spection of these data, the most specific binding was associ-
ated with a 110/113 kDa protein, and both groups
concluded that the larger proteins they had observed rep-
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Fig. 5. Insitu hybridization of VTGR transcripts in trout ovarian follicles. Ovaries were sampled from 24-month-old rainbow trout. Paraffin
sections were subjected to in situ hybridization with an antisense (A and B) and a sense (C) 3°S-labeled cRNA probe, respectively. Exposure
time was 20 days. Sections A and C contain previtellogenic oocytes of 200 pm (A) and 150 um (C) diameter at the plurinucleolar stage (St
I1) with surrounding cell layers and portions of fully vitellogenic oocytes (St IV, 2 mm diameter). Panel B: at higher magnification, hybridiz-
ing transcripts are seen to be restricted to the cytoplasm of the smaller oocyte (cf. panel A). The cytoplasm of the stage Il oocyte (OO) is dis-
tinctively labeled, whereas the stage 1V oocyte (panel A, top) and peripheral granulosa cells (GC) and theca cells (TC) are not. Bars: 50 pm

(A and C) and 10 pm (B), respectively.

resented SDS-resistant aggregates of the smaller receptors
(10, 30). This interpretation is compatible with our present
findings on the cloning and expression of the trout VTGR.

Furthermore, early studies directed at the identification
of VTGRs used ligand blotting with homologous as well as
heterologous VTGs, and revealed that VTGRs of different

species share numerous properties. First, in most ovipa-
rous vertebrates studied, VTGRs were found to be single
polypeptides, with molecular masses of 95 kDa in chicken
(12) and Japanese quail (34), ~100 kDa in coho salmon
(6), ~100 kDa in sea bass (11), and ~115 kDa in Xenopus
(5). Moreover, VTGRs are known to bind heterologous
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ligands, in that follicular membrane proteins from
chicken, frog, and fish can specifically bind VTG from
fish, frog, or chicken, respectively (6); the chicken VTGR
binds quail VTG and vice versa (34). These results suggest
that VTGRs share common binding sites for VTGs, a no-
tion strengthened by our current results. Furthermore,
some studies demonstrated immunological relationships
between VTGRs from chicken, quail, frog, and salmon (6,
34). Here we reveal that the trout VTG receptor’s struc-
ture is indeed essentially identical to that of the VTGRs of
chicken (14) and Xenopus (35). Interestingly, the degree
of conservation between VTGRS is greater than that
among LDLRs. Thus, although the modes of follicle
growth and oocyte maturation vary greatly between spe-
cies, rapid, synchronized oocyte growth lasts 1 month in
the winter strain of rainbow trout, whereas chicken oo-
cytes grow hierarchically during a 1 wk final rapid phase,
the key players in oocyte growth and yolk formation have
been conserved during evolution.

In this context, the isolation of a cDNA coding for the
trout oocyte VTGR has been useful for the identification
of the site of synthesis of this important receptor. In situ
hybridization experiments clearly demonstrated that tran-
scripts are exclusively localized to oocytes, and are not
found in somatic cells within the ovary. The absence of
transcripts from oocytes in the most rapid growth phase,
i.e., when receptor-mediated uptake of VTG occurs at
maximal rates (28), was surprising at first. However, we
have previously observed that levels of transcript and of
VTGR protein in the chicken ovary are very high in the
ovaries of immature hens, i.e., animals that do not yet pro-
duce fully grown oocytes (36), and transcript levels drop dur-
ing the final growth phase of the female germ cells. These
common findings suggest that during rapid growth and vitel-
logenesis the oocytes rely on VTGR previously synthesized
during early previtellogenic stages of oocyte development.

Finally, we are now in a position to gain better under-
standing of the regulation of VTGR gene expression,
which is not only of scientific interest but, at least in fish,
also of potential economical impact. In addition, vitello-
genesis has been proposed as a biomarker system for es-
trogenic contamination of the aquatic environment (37,
38); we are now able to analyze one of the key marker ele-
ments at the molecular genetic level Hf
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