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ABSTRACT
Rainbow trout vitellogenin receptors have been characterized by ligand blotting
and Scatchard analysis. Their evolution has been studied over a reproductive cycle in a broodstock
of 2-year-old females. The receptors were prepared from ovarian membrane homogenates and
were solubilized using n-octyl-ß-D-glucopyranoside.The visualization of the receptor by ligand
blotting using 125iodine-vitellogeninafter sodium dodecyl sulfate electrophoresis revealed the existence of one major binding component corresponding t o a protein of 113 kDa. The Scatchard
transformation of the binding data revealed a single class of binding sites with an apparent Kd of
1.8 . lo-* M/L. The variations of the binding characteristics (Kd and maximum binding) were
investigated during vitellogenesis. This study revealed that the Kd was not affected by oocyte
growth during vitellogenesis, but was highly decreased in ovulated eggs. The receptor number
increased during the same period from 35 to 860 fM per oocyte, while the receptor number per
mmz of oocyte membrane surface was doubled during the same period. @ 1996 Wiley-Liss, Inc.
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Oocyte vitellogenesis is one of the best examples
of cell specialization for specific endocytosis of proteins. Vitellogenin (VTG) is a lipophosphogylcoprotein hepatically synthesized which constitutes
the main yolk precursor of the egg. It reaches the
ovary by the blood stream t o be selectively taken
up by the growing oocytes and enters the oocyte
follicle by capillary vessels located in the theca,
the outer layer surrounding the oocyte. VTG
reaches the germinal cell passing through the
basement lamina, intercellular spaces of granulosa cells, and then into the extracellular matrix
of the granulosa epithelium and along the oocyte
microvillosities in the channels of the zona radiata
until oolemma (Abraham et al., '84;Le Menn and
Burzawa-Gerard, '85; Selman and Wallace, '89).
Internalization occurs on specialized areas of the
plasmic membrane of the oocyte leading to the
formation of coated pits pinching off the oolemma
and entering the peripheral ooplasm. They give
rise t o coated vesicles hsing into irregular shaped
yolk granules also called multivesicular bodies in
rainbow trout (Busson-Mabillot, '84)where proteolytic cleavage of VTG into yolk protein sub&ts,
phosvitin, and lipovitellin occurs. Those VTG-derived molecules represent more than 80%of the dry
weight of the ovulated oocytes (Wallace, '85).
VTG internalization in amphibians (Opresko
and Wiley, '87; Stifani et al., 'gob), birds (George
et al., '87; Stifani et al., 'SS), insects (Röehrkasten
O 1996 WILEY-LISS, INC.
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et al., %9), and fish (Stifani et al., '90a; Le Menn
and Nuñez Rodriguez, '91; Chan et al., '91; Tyler
and L,ancaster, '93) has been shown to be a receptor-mediated mechanism, probably acting at the
oolemma level just prior t o endocytosis.
The aim of the present study is to characterize
the VTG receptor system in rainbow trout oocytes
and to analyze the evolution of the receptor characteristics (affinity constant, receptor number)
during the vitellogenesis of the rainbow trout.

MATERIALS AND m T H O D S
Fish
Fish used in this study have been provided by
the farm Salmonidés d'Aquitaine. The fish were
maintained in the fish farm facilities located by
the Aspe River west of the French Pyrennées
(Sarrance). Six fish, randomly taken from a %yearold broodstock, were sampled every 3 weeks from
July to December.
Chemicals
Phenylmethylsulfonyl fluoride (PMSF), bovine
serum albumin (BSA), n-octyl-ß-D-glucopyranoside, and iodogen (1,3,4,6-tetrachloro-3a,6a-
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diphenylglycouril)were purchased from Sigma (St.
Louis, MO). 12510dine(1251; IMS 30) was purchased
from Amersham (Arlington Heights, IL). Suramin
was obtained from Mobay Chemical Corp. (NY).

Purification of rainbow trout VTG
VTG was purified from plasma of l7ß-estradiol
(E,) treated fish receiving an E, cumulated dose
of 5 mgkg over a 15 day period. Blood was collected in heparinized syringes from the caudal artery, transferred to Ependorf tubes containing 1
mM PMSF to reduce protein degradation, and centrifuged for 5 min at 12,OOOg. Plasma aliquots
were immediately frozen in liquid nitrogen.
VTG was obtained with one-step ion-exchange
DEM-Biogel A (Bio-Rad, Richmond, CA) chromatography using 100 mM Tris buffer (pH 7.8) with
2 mM calcium chloride and 1mM PMSF. Elution
was performed at 4°C with a linear gradient (0250 mM) of sodium chloride (Fig. 1).
Fractions of the main peak were identified as
VTG on sodium dodecyl sulfate-polyacrylamide
(7.5%)gel electrophoresis (SDS-PAGE) compared
to control males and vitellogenic females. The VTG
migrated as a single band with an apparent molecular mass of 133 kDa. The fractions retained
were pooled and concentrated on Amicon cell to
the desired protein concentration determined by
the Bradford ('76) method using ovalbumin as protein standard. It was not possible to determine
the molecular mass of native VTG since the molecule is completely fractionated into 133 kDa sub-

units under non-reducing SDS electrophoresis. A
determination by gel filtration on 6B Sepharose
(Pharmacia, Piscataway, NJ) indicated for the native VTG a molecular mass around 450 kDa. We
used this value in the calculations of specific activity and binding.

Iodination of VTG
Iodination of VTG with
was performed by
the iodogen method. Two milligrams of trout VTG
and 10 pl (37 x lo6 Bq) of 1251
Na (IMS 30) were
added t o 200 pg of iodogen coated in a glass scintillation vial. After 20 min the mixture was
chromatographed on a 20 x 1cm column Sephadex
G 75 (Pharmacia) with 25 mM ?'ris buffer (pH 7.8)
and 2 mM CaC12.The selected 1251-VTGfractions
were pooled filtered through 0.45 pm filters (MSI,
Westboro, MA) and aliquots were stored (-30°C)
in 50% glycerol.
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proximately 0.1% of the initial ovary weight. This
pellet was stored frozen in liquid nitrogen to be used
in the binding experiments or for solubilization after resuspension in the appropriate buffer.
The solubilization of the 100,OOOg pellet was carried out in 150 mM Tris-maleate buffer (pH 6.0),
2 mM CaC12, 1mM PMSF, 150 mM NaCl, and 36
mM n-octyl-ß-D-glucopyranoside.
The solution was
stirred for 10 min at 5°C and centrifuged 1hr at
5°C and 100,OOOg.
The supernatant containing the solubilized material was recovered and frozen in liquid nitrogen. Working aliquots of this material named OG
extract were stored at -70°C.

Electrophoresis, ligand blotting, and
immunoblotting techniques
The solubilized material was subjected to SDSPAGE (7.5%; 0.75 mm thick) followed by transfer t o 0.4 pm pore size nitrocellulose paper
(Schleicher and Schuell, Keene, NH) using the
Fig. 2. SDS-PAGE of VTG receptors and different protein
preparations. The bands were stained with Coomassie blue Pharmacia electroblotter (1mA/cmzfor 2 hr at 8°C).
R 250 or electroeluted to nitrocellulose membranes for ligand The nitrocellulose strips were incubated for 2 hr at
blotting. Lane 1: SDS-PAGE of high molecular weight mark- 20°C in separate tubes with 25 mM Tris buffer (pH
ers from Bio-Rad stained with Coomassie blue. Lane 2: Au- &O), 50 mM NaCl, and 2 mM CaC12(buffer B) contoradiograph of the binding of trout lZ5I-VTGto specific trout
taining 5% of non-fat dry milk (buffer C) as blockVTG antibodies previously run on SDS-PAGE (1 pg of lyophilized trout VTG antibody) and electrotransferred on a ni- ing agent of aspecifìc sites and with 37 x lo3 Bq of
trocellulose strip, incubated with 37 x lo3 Bq of 1251-WG. lZ5I-VTGin the presence (non-specific binding) or
Lane 3: Autoradiograph of lZ5I-VTGpreviously run on SDS- the absence (total binding) of a 100-fold excess of
PAGE (1pg of purified iodinated F G ) and electrotransferred cold VTG. The strips were rinsed three times durto a nitrocellulose strip for autoradiography. Lane 4: SDSing 10 min with buffer B and dried. They were then
PAGE of the solubilized ovarian membrane proteins (OG extract, 5 pgilane) stained with Coomassie blue. Lane 5: exposed to Kodak XAR-5 films at -70°C for 1-5
Ligand blot of VTG receptors (non-specific binding in the days. Immunoblots were obtained similarly by runpresence of 1.4 mg of cold VTG corresponding t o a 100-fold ning on SDS-PAGE 1 pg of lyophilized antibodies
excess). Lane 6: Ligand blot of VTG receptors (total bind- to rainbow trout VTG. The corresponding nitroceling). Autoradiography exposure time (lanes 2, 3, 5, and 6)
lulose strips were incubated as described above.
was 3 days at -70°C. b indicates the migration position of
the four W G receptor bands. t indicates the migration position of the molecular weight markers.
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washed with buffer A t o remove the yolk. The
membrane pellet was homogenized in a tightly
adjusted glass-teflon homogenizer with buffer A
and the homogenate was centrifuged for 10 min
at 5°C and 2,500g. The pellet was then homogenized with a Polytron homogenizer (1 g pellet
and 10 ml of buffer A) 30 sec at 15,000 rpm and 2
x 30 sec at 25,000 rpm. The homogenate obtained
was centrifuged 5 min at 5°C and 5,OOOg t o remove large particles. The supernatant was recovered and centrifuged 1 hr at 5°C and 100,OOOg.
The 100,OOOg pellet was resuspended by aspiration through a 22-gauge needle and recentrifuged
for 1 hr. The same operation was repeated one
time. The third 100,OOOg pellet represented ap-

Solid-phase filtration assay
The incubation was performed in 500 pl Ependorf
tubes in buffer B containing 16 mg/ml of BSA in a
final volume of 150 pl. The tubes received, in the
following order, the buffer, the 100,OOOgmembrane
extract at a concentration corresponding to 100
mm2 of oocyte membrane surface, a 100-fold excess of VTG or 5 mM suramin that had been reported to inhibit the saturable component in
previous studies (Stifani et al., '88)for determination of the non-specific binding (this step was
omitted in the tubes corresponding t o the total
binding), and finally the lZ5I-VTGpreviously filtered through 0.45 pm filtration units (Millipore,
Bedford, MA). Additional details are given in the
figure legends. After 120 min of incubation at room
temperature, the content of all of the tubes was
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filtered through 0.45 pm cellulose acetate membrane filters (MSI) previously incubated for 60 min
in buffer C. The membrane filters were then
placed in appropriate tubes and counted for radioactivity in a Kontron y counter. Scatchard
analysis (Scatchard, '49) and other calculations
are performed with Biosoft packages (Kinetic,
EBDA, Ligand, Lowry) for Apple Macintosh computers. These programs have been adapted from
those described previously by Munson and Rodbard
('80) and McPherson ('85).

Oocyte surface calculations
The total oocyte surface in mm2 for an entire
ovary is calculated as follows:
[Nb OOC]. [OVWl . [ E . D21

where Nb Ooc is the number of oocytes per gram
of ovary, Ov W is the total ovary weight expressed
in grams, and D is the mean oocyte diameter in
millimeters.
For each experiment the desired amount of oocyte membranes was obtained by the appropriate
dilution of the resuspended 100,OOOg pellet in the
incubation buffer.

RESULTS
Visualization of VTG receptor
Gel electrophoresis of the OG extract under nonreducing conditions and the equivalent autoradiograms of ligand blots obtained with 1251-trout
VTG allowed us t o identify four protein bands with
apparent molecular masses of 173, 168, 113, and
99 kDa, respectively (Fig. 2, lanes 4 and 6). The
main binding was associated with the 113 kDa
band (Fig. 2, lane 6). The binding associated with
these four bands was completely 'abolished by a
100-fold excess of cold trout VTG (Fig. 2, lane
5),5 mM suramin, or 50 pl of plasma of a
vitellogenic female (results not shown). The
bands that bound 1251-VTGwere virtually undetectable by Coomassie brilliant blue staining
except the one corresponding t o the 113 kDa.
Higher amounts of other proteins are present
in the OG extract (Fig. 2, lane 41, but these
bands did not react with the 1251-VTG.This indicates that the VTG receptor is not the main
protein of the solubilized ovarian membranes.
Binding characteristics of the VTG receptor
Characterization of the VTG receptor was performed using a solid-phase filtration assay after

incubation of iodinated trout VTG with crude oocyte membrane preparations.
In order to determine the time required t o reach
equilibrium, appropriate tubes containing 85 pg
of 100,OOOg membrane pellet (equivalent to 100
mm2 of mid-vitellogenic oocytes, 2.5 mm of mean
diameter) per tube were incubated for a maximum
of 120 min at 22°C with 150,000 dpm of 1251-VTG.
The specific binding increased rapidly until 40 min
and reached a plateau after 1 hr of incubation
(Fig. 3), indicating that binding equilibrium was
achieved. According t o this result, the incubation
time was fmed at 120 min in further experiments.
The saturability of the binding has been studied by adding increasing amounts of 1251-VTGt o
85 pg of the ovarian membrane pellet. The specific binding rapidly increased for the lower
amounts of labeled VTG and then reached a plateau for the higher concentrations of labeled VTG,
indicating the saturation of the VTG binding sites
of the ovarian membranes (Fig. 4).
Transformation of the data t o Scatchard plot indicated the existence of a single class of binding
sites for VTG with an apparent & of 1.8 . lo-'
M/L (Fig. 5).
Tissue specificity of the binding was demonstrated by incubating 100 pg of the membrane
preparations of ovary, liver, and muscle with
150,000 dpm of '"I-VTG in the conditions described above. For the three tissues tested, only
the ovary exhibited significant specific binding
while liver and muscle binding represented less
than 3% of the specific binding obtained with the
ovarian membranes (Fig. 6).

O 20 40 60 80 100 120 140
Incubation time (min)

Fig. 3. Effect of incubation time on 1251-VTGbinding to
ovarian membranes. Each tube contained (final volume of 150
pl) 85 pg of proteins (equivalent to 100 mm2 of oocyte surface
membrane) and 150,000 dpm of labeled trout VTG. The specific binding was obtained by subtracting the non-specific
binding (in the presence of 5 mM of suramin) from the total
binding (without suramin). Values represent the mean of two
determinations in triplicate r SEM.
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Fig. 4. Saturation of labeled VTG binding. Increasing
amounts of 1251-VTG(40,000-1,280,000 dpm) were added t o
the tubes containing the ovarian membranes (85 yg of protein per tube equivalent to 100 mm2 of oocyte surface membranes). TB, total binding; SB, specific binding; NSB,
non-specific binding. Each point corresponds to the mean of
triplicate determinations. See Figure 3 for other details.

Competitive displacement studies have been undertaken to confirm receptor specificity for VTG
(Fig. 7). Various competitors (VTG, male plasma proteins, and suramin) were incubated with the labeled
trout VTG and ovarian membranes. Trout VTG inhibited 90% of the binding at a concentration of 0.4
mglml; equivalent displacement was obtained with
1.4 mg/ml of suramin (1mM). Total inhibition was
obtained with 7.14 mglml of suramin (5 mM).
Male
plasma proteins displaced only 20% of the binding
at 10 mglml and even at 80 mg/ml only 50% of displacement was obtained.

Kinetics of VTG receptors during
vitellogenesis
In order t o follow the variations of VTG receptors in rainbow trout follicles, we tested different
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Fig. 5. Scatchard transformation of the saturation data of
Figure 4, I& = 1.8 . lo4 M/L, determined by Biosoft's EBDA
and Ligand programs.
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Oocyte membrane preparations during vitellogenesis of a winter strain of females. The average
oocyte diameter varied from 1.11mm in July [corresponding to a gonadosomatic index (GSI) of 0.571
to 3.97 mm just prior t o ovulation (corresponding
to GSI of 9.84). The average diameter of the ovules
obtained by stripping was2.45 mm (Fig. 8).
During the same period the & values of the
VTG receptors did not exhibit any significant
variation (18-30 nM). A marked reduction in the
Kd values (10 nM) was only observed in the
stripped ovules (Fig. 9).
The oocyte receptor number during vitellogenesis (Fig. 10) increased very rapidly for the oocytes over 2.5 mm in diameter and dropped
dramatically after oocyte maturation in ovulated
oocytes. The receptor number per mm2 was
doubled during this period, reaching 5.2 . 10l1receptors for the oocvtes at the end of vitellogenesis
(4-mm in diamete;). In small vitellogenic oocytes
(1.1mm in diameter) the receptor number was
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Fig. 6. Tissue specificity of trout VTG binding. See Figure 3 for other details.
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Fig. 7. Displacement of labeled VTG by various competing cold ligands: VTG, suramin, and male plasma proteins.
Values are the mean of triplicate determinations.
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,I.

4

O

Days

h)

l2

1,11

I

S2

1,47

I

S3

1

S4

I

O o c v t e s
2,55

3,12

S5

3,58

1

O
56

I S7
IOdes

3,97

4,45

Diameter (mm)
Fig. 10. Variations of t h e binding capacity of '"I-VTG
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vitellogenic oocytes and i n stripped ovules. Values represent the mean of three determinations in triplicate rtr SEM.
Underlined numbers a t t h e top of the figure indicate
means that are not significantly different (P 2 0.05) determined by analysis of variance.

25 times lower. These receptor numbers correspond to a VTG binding capacity of 20 ng per oocyte at the onset of vitellogenesis and 400 ng per
oocyte at the end of vitellogenesis. The receptor
content of the ovules was equivalent t o that of
early vitellogenic oocytes, corresponding to a drop
of 25 times compared with the fully vitellogenic within a short processing time and reduced prooocytes, indicating a dramatic change of the VTG tein degradation as demonstrated by the absence
receptor activity after maturation and ovulation. of immunoreactive breakdown products of VTG
even after the iodination procedure as shown in
DISCUSSION
Figure 2 (lane 2). This one-step purification
For our study we used VTG prepared with a method has already been used successfully in a
one-step purification method based on ion-ex- few teleost species, including rainbow trout
change chromatography. This technique allowed (Silversand et al., '93).
the rapid purification of milligram quantities
Our experiments demonstrate the existence of
specific binding sites for VTG in trout oocytes
characterized by a high affinity (Kd = 1.8 lo-'
M/L)
and a maximum capacity of 0.86 pM per oo50{ 1 2 3 4 5 6 7
cyte. These binding sites completely fulfilled the
characteristics of a receptor: we demonstrated that
40
4
the binding was saturable over time and increasU
ing VTG concentration, displaceable, and tissue
30
3 Ê
d
i5
specific. According to Kaplan ('81),the class II re5
20
2 8
ceptors
have been reported to be associated mainly
s.
with
the
internalization of the ligands. This is also
G
1'6
the case for VTG since its incorporation in the
10
oocyte represents 80% of the dry weight of the
n
"
egg (Wallace, '8 5).
S 1 I S2 I S3 I S4 I S5 1 S6 I S7
We have demonstrated that the number of reOocvtes
I ov
ceptors increased during vitellogenesis as a conFig. 9. Variations of & as a function of oocyte diameter sequence of oocyte surface growth and a two times
during vitellogenesis and maturation. Values represent the increase of receptor number per mm2of oocyte surmean of three determinations in triplicate -c SEM. Sl-S7 cor- face. We have not found significant changes in the
respond t o the different sampling times during vitellogenesis. Ov, ovules. Underlined numbers a t the top of the figure & parameter in vitellogenic oocytes but a marked
indicate means that are not significantly different (P 2 0.05) and significant decrease only in ovules. Nevertheless, this increase of affinity parallels the drop of
determined by analysis of variance.
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receptor number, which is equivalent to the number found in early vitellogenic oocytes and about
40 times less regarding the receptor number per
mm2. These findings demonstrate that the VTG
receptor system in the oocytes is dramatically
modified by the maturation-ovulation process.
Since the first demonstration of VTG receptors
in coho salmon Oncorhynchus kìsutsh (Stifani et
al., '90a) oocytes, the existence of VTG receptors
has been reported in tilapia Oreochroinìs nìlotìcus
(Chan et al., '91) and rainbow trout Oncorhynchus
mykiss (Le Menn and Nuñez Rodriguez, '91;
Lancaster and Tyler, '91; Tyler and Lancaster, '93).
Comparison of the reported affinities and binding capacities reveals some differences. The & values that we have found in our study (10-30 nMZ)
are similar to those reported in trout (8.2 nMZ)
by Tyler and Lancaster ('931, but are 6-18 times
less than in coho salmon (180 nM/L) and 30-50
times less than in tilapia (302-1'510 n n ) . The
oocyte receptor numbers revealed some minor
variations between the species studied but are
comparable (2.15 . 101%.56 . 10-l') in our study:
9.9 . 10'3.54 . 10l2 in tilapia (Chan et al., '91)
and 3 l O I 3 in rainbow trout for oocytes measuring 3.5 mm in diameter. The differences observed
might be explained in part by different experimental conditions and the calculation method (protein
concentration or oocyte surface) as well as by some
species-specific characteristics. Nevertheless, all
these results remain in the same order of magnitude even when compared with amphibians
(Opresko and Wiley, '87; Stifani et al., 'gob), birds
(Stifani et al., 'SS), and insects (Röhrkasten and
Ferenz, '86; Dhadialla et al., '92, for locust and
mosquito, respectively).
The characterization of the receptor by ligand
blotting allowed us to identify a protein of 113
kDa under SDS non-reducing conditions which
binds labeled VTG; this binding was abolished
under ß-mercaptoethanol reducing conditions (results not shown) indicating that the conservation
of the intradisulfide bonds is necessary t o maintain the integrity of the binding sites. Concerning the existence of the minor binding components
of higher molecular mass (173 and 168 kDa), we
hypothesize that this material could represent aggregates of receptors with other membrane proteins following the solubilization of the ovarian
membranes, the binding also being specifically
abolished by trout VTG. This finding has also been
described in rainbow trout (Tyler and Lancaster,
'93) with 200 and 100 kDa bands. For the majority of the other species studied, including gold1

1

9

xr

169

fish, carp, sea bass (Nuñez Rodriguez, unpublished results; Stifani et al., '90a), chicken (Woods
and Roth, '80; Stifani et al., 'SS), and Xenopus
(Stifani et al., 'gob), the VTG receptor was found
to be a single protein band with a molecular
mass around 100 kDa. In the locust, cockroach,
and mosquito, a single 200 kDa band has been
described (Röehrkasten et al., '89; Indrasith et
al., '90; Dhadialla et al., '92, respectively), indicating that in insects the molecular mass of VTG
receptors was about twice the molecular mass of
the VTG receptors of oviparous vertebrates.
Concerning the localization of the VTG receptor, we cannot ascertain that these receptors are
located on the oolemma of the oocytes since we
have prepared our membranes from the entire follicles containing granulosa and thecal cells as well
as other mesoepithelial cells. Nevertheless, from
other studies (Busson-Mabillot, '84; Le Menn and
Burzawa-Gerard, '85;Selman and Wallace, '89) the
localization of the endocytotic vesicles or coated
pits is only observed on the oolemma between the
microvillosities of the oocyte.
Receptor-mediated endocytosis has been shown
t o be a general mechanism allowing the uptake
of large amounts of specific molecules within the
cells (Roth et al., '76; Goldstein et al., '79, '85;
Segaloff and Ascoli, '88). There is also indirect evidence that the internalization of the endocytotic
vesicles is responsible for the yolk deposition within
the oocyte (Perry and Gilbert, '79; Opresko et al.,
'80;Abraham et al., '84; Busson-Mabillot, '84). According to these observations, we hypothesize that
the VTG receptors present in our membrane preparations are located on the oocyte plasmic membrane,
but only preparations of membranes from isolated
oocytes will confirm this hypothesis.
In conclusion, our study strongly suggests that
VTG binding sites present in the ovarian membrane preparations correspond t o a 113 kDa receptor as revealed by ligand blotting. We have
demonstrated that the receptor number is correlated with vitellogenesis and drops dramatically
by the time of oocyte maturation. The characteristics of trout VTG receptor are similar to those
of other species studied, indicating that during
evolution VTG uptake mechanisms have been
highly conserved in all oviparous vertebrates. The
comparison with insects also reveals a great similarity of the binding characteristics.
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