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ABSTRACT The vitellogenin gene is inactive in the liver
of male Xenopus laevis, unless exogenous estrogen is adminis-
tered. We have previously shown that conventional doses of
estradiol-17ft result in the appearance of new hepatic messenger
RNAs, some of which are encoded for vitellogenin. We now
report that much higher doses of the hormone (2 mg/frog per
day for 4 days) are required to elicit maximal responses. The
relative levels of membrane-bound polysomes and vitellogenin
mRNA were determined as a function of time and dose of hor-
mone. Translation of total polysomal RNA in a cell-free system
derived from wheat germ was used to estimate the relative levels
of vitellogenin messenger RNA. Faithful translation of this
messenger RNA was indicated by two lines of evidence: labeled
cell-free products were immunoprecipitated with antivitello-
genin antibody, and the migration of the major labeled product
in sodiui dodecyl sulfate/acrylamide gels was identical to that
of native vitellogenin. Our results establish conditions for
maximal estrogen-induced responses in this system, and are
compatible with the hypothesis that a major regulatory mech-
anism of steroid hormones in the control of protein synthesis
is that of gene activation and regulation of messenger RNA
levels.

Investigations of a variety of experimental systems used to study
the molecular mode of action of sex steroid hormones have led
some investigators to conclude that a major mechanism for
controlling protein synthbesis is the hormone-dependent regu-
lation of specific mRNAs (1-4). Definitive results relevant to
this problem have been obtained from work with target tissues
in which the steroid hormone evokes the synthesis of a specific
protein in large quantities. The male African clawed frog
(Xenopus laevis), lacking endogenous estrogen, does not syn-
thesize vitellogenin. However, treatment of male frogs with
exogenous hormone evokes a prodigious and prolonged syn-
thesis of vitellogenin, thfe precursor of the yolk proteins. This
response of the male liver offers a valuable experimental system
for the study of hormonal activation of a specific gene.

These considerations have prompted us (4) and others (5-7)
to exploit this system (for recent review, see ref. 8). We recently
demonstrated that estrogen administered to the male Xenopus
caused the appearance of new mRNA in the liver (4). This
mRNA, microinjected into living Xenopus oocytes, directed
the synthesis de novo of the yolk proteins. Our observation has
been confirmed and extended by Berridge and Lane (9), who
also demonstrated that the primary translational product of this
estrogen-induced mRNA is vitellogenin. This precursor is
processed within the oocyte into the individual yolk proteins,
lipovitellin and phosvitin (10).

In general, the isolation and fractionation of polysomes have
been useful intermediate steps in the purification of various
species of mRNAs (11, 12); hence, a niajor aim of the work now
reported was to determine the temporal influence of exogenous
estrogen on the relative abundance of polysomes in hepatic
tissue of male Xenopus. Because none of the previous reports
dealing with dose responses in mvo demonstrated maximal
vitellogenic responses (13-15), we have also determined the

Abbreviations: NaDodSO4, sodium dodecyl sulfate; PBS, phosphate-
buffered saline.

effects of large doses of estrogen on the relative levels of poly-
somes and vitellogenin mRNA. Finally, we present evidence
that estrogen-induced mRNA obtained from the liver of male
Xenopus is faithfully translated in a wheat germ system as as-
sessed by specific immunoprecipitation coupled with electro-
phoresis of the translational products in sodium dodecyl sulfate
(NaDodSO4)/polyacrylamide gels.

MATERIALS AND METHODS
Adult Xenopus males were obtained from the South African
Snake Farm (Fish Hoek, Cape Province, South Africa), and
maintained at 190 in running, charcoal-filtered tap water (4).
Frogs were fed beef liver thrice weekly. For primary stimula-
tion, frogs received 2 mg of estradiol-17g in 0.2 ml of propylene
glycol. Some frogs received only one injection; others received
several injections, administered as one per day for the indicated
number of consecutive days. For secondary stimulation, frogs
thus treated were given a single injection after the primary
response had subsided, 30 or more days after the initial injec-
tion(s). All male frogs weighed 48-54 g.

Vitellogenin labeled in vivo was prepared by injecting male
frogs with estradiol-17f3 and then 250 MC of a mixture of 15
14C-labeled amino acids (New England Nuclear). The hormone
and isotope were given at 4 days and 6 hr, respectively, before
the blood serum was collected. Vitellogenin was then isolated
from serum by dimethylformamide precipitation (16),
TEAE-cellulose chromatography (17), and, finally, gel filtration
through "Ultragel" AcA-22 (LKB Instruments, Inc.). The final
preparation showed no heterogeneity upon electrophoresis in
5% or 10% NaDodSO4/polyacrylamide gels. The S-30 fraction
of wheat germ was prepared as described by Roberts and Pa-
terson (18), with the pre-incubation step omitted.

Methods for the preparation and analysis of hepatic poly-
somes from Xenopus are similar to those described by others
(19, 20). The details of our methods will be published else-
where. * Total RNA was extracted from purified polysomes as
described by Kates (21), and washed three times in LiCl
(22).

For cell-free protein synthesis, the reaction mixture contained
in a final volume of 0.5 ml: 200 Ml of wheat germ extract (S-30
fraction); N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (Hepes)-KOH, pH 7.6,20 mM; dithiothreitol, 2 mM; ATP,
1 mM; GTP, 20 MM; phosphocreatine, 8 mM; KCI, 125 mM;
magnesium acetate, 2.5 mM; creatine kinase, 50 Mg; each of the
20 amino acids except methionine, 20 AM; [35Slmethionine, 24
nM (168-300 Ci/mmol, New England Nuclear); and various
amounts of RNA preparations as indicated in the relevant fig-
ures. Incubation conditions employed were 250 for 90 min. To
determine total incorporation, duplicate 20-Ml aliquots of the
reaction mixture were processed by the filter-paper disk method
of Mans and Novelli (23). Reactions were terminated by addi-
tion of pancreatic RNase before immunoassay. To measure
vitellogenin synthesized in the wheat germ system, duplicate
* J. K. Skipper and T. H. Hamilton, unpublished data.
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Fi(c. 1. Changes in the sedimentation profiles of hepatic poly-
somes of male Xenopus at various times after treatment with estra-
diol-I7i3. Crude subcellular fractions containing total polysomes were
prepared from the pooled livers of two to four animals per group after
the indicated treatments. Aliquots derived from 50 mg of tissue were
layered on 7-47% linear sucrose gradients for analysis.* The direction
of sedimentation is from right to left. Control animals (A) received
no hormone. All experimental animals received four consecutive daily
injections (2 mg/day), and thereafter at the indicated times their
hepatic polysomes were obtained for analysis: (B) 4 days, (C) 8 days,
and (D) 30 days.

200-,ul aliquots of the reaction mixture were added to mono-
specific antivitellogenin antibody (24) for immunoprecipitation.
This assay was performed by mixing: 200 Al of wheat germ
reaction mixture; 40-45 jig of carrier vitellogenin in phos-
phate-buffered saline (PBS) (45 mM KH2PO4; 25.6 mM NaOH;
150 mM NaCl; 0.7 mM NaN3) and 200 Al of antibody capable
of precipitating 60 Atg of vitellogenin. This mixture was incu-
bated at room temperature for 30 min and then at 50 overnight.
Immunoprecipitates were collected by centrifugation at 1200
X g for 20 min, washed once in 2 ml of PBS buffer (containing
1% Triton X-100, wt/vol, and 20 mM methionine), and washed
twice in 2 ml of PBS. These conditions resulted in immu-
noprecipitates containing more than 93% of the labeled antigen.
The precipitates were dissolved in 100 Ml of a "NaDodSO4
sample buffer" (25) by heating for 5 min in a boiling-water
bath. Duplicate aliquots of this sample were counted in Aquasol
scintillator (New England Nuclear), and 50-Ml aliquots of the
sample were layered on 0.1% NaDodSO4/5% polyacrylamide
gels for electrophoresis (25). After electrophoresis, the gels were
sliced (1 mm), digested in 1 ml of NCS solubilizer (Amer-
sham/Searle) for 24 hr at 500, and assayed for radioactivity in
10 ml of scintillation fluid [6 g of 2,5-diphenyloxazole (PPO)
and 75 mg of [1,4-bis[2(5-phenyloxazolyl)]benzene (POPOP)
per liter of toluene] using a Beckman LS-250 scintillation
counter. The counting efficiency for 35S was 81 % and for 14C
was 86%.

Triplicate aliquots of subcellular fractions were used for RNA
determinations, as described by Fleck and Munro (26). Purified
RNA was estimated from absorbance measurements by as-
suming that 1 mg of RNA dissolved in 1 ml yields an A260 of
20.
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FIG. 2. Changes in the content of hepatic polysomes of male
Xenopus, as a function of number of doses of estradiol-170 admin-
istered. Frogs received the indicated number of consecutive daily
doses of hormone (2 mg/day), and after the indicated number of days
following the last injection their total hepatic polysomes were analyzed
as described in Fig. 1. The total number of days for hormonal response
was 11 days for each group. The polysomal area of the gradients (di-
mers and larger aggregates) was measured by use of a planimeter.*
Each bar designates the mean and SD of four experiments using four
frogs per group.

For electron microscopy, hepatic samples were fixed for 12
hr at 40 in a solution containing 3% glutaraldehyde, 1.5%
acrolein, 1% paraformaldehyde (all wt/vol), and 50mM sodium
cacodylate (pH 7.2). Samples were again fixed for 2 hr at 40 in
2% osmium tetroxide/25 mM sodium cacodylate (pH 7.2), and
stained en bloc in 0.5% uranyl acetate for 24 hr at 40. After
dehydration, samples were embedded in an Epon/Araldite
mixture (27) and stained in 0.5% uranyl acetate followed by
lead citrate (28). Thin sections were photographed using a
Hitachi HU-1 E electron microscope operated at 50 kV.

RESULTS
Fig. 1 shows typical sucrose gradient profiles of total polysomes
obtained from hepatic tissue of control and estrogen-treated
male frogs at various times after treatment. Because all the
polysome samples were obtained from equivalent amounts of
tissue, the differences in area under the polysome region of the
absorbancy profiles represent changes in polysome content per
unit of tissue weight. Such data also provide qualitative infor-
mation on the relative content of the various size classes of po-
lysomes. Hepatic tissue of untreated frogs contained relatively
few polysomes, whereas hormone treatment resulted in a sub-
stantial increase of the polysomes within 4 days after multiple
injections of estrogen. At 8 days, when vitellogenin synthesis
is near maximal, the level of polysomes had further increased,
and a large size class of polysomes appeared in the lower third
of the gradient. At 30 days, when vitellogenin synthesis has
ceased, the level of polysomes had decreased concomitant with
a marked disappearance of the larger size classes. We have
obtained similar results when purified polysomes were analyzed
from equal amounts of tissue taken from control and estro-
gen-treated frogs.*
To determine the dose(s) of estradiol-17f required to evoke

maximum levels of hepatic polysomes, several groups' of frogs
were given different numbers of primary daily injections.
Subcellular fractions containing total polysomes were then
examined on sucrose gradients. Area measurements were made
of the polysome regions and are shown in Fig. 2. A near maxi-
mal response occurred after four daily injections; 10 daily in-
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FIG. 3. Changes in the content of hepatic polysomes (A) and
whole-tissue RNA (B) in male Xenopus as a function of time after
primary and secondary treatment with estradiol-170. For primary
treatment, all frogs were given as indicated either one or four con-

secutive daily doses (2 mg per dose) of the hormone. For secondary
treatment, at 40 (A) or 80 (B) days, only a single dose of the hormone
was given. Analysis of polysomes and determination of whole-tissue
RNA were as described under Materials and Methods and in Fig; 1.
*, total polysomes; *, membrane-bound polysomes; *, frogs given

seven primary injections; o, frogs given only one primary injection.

jections were necessary to elevate polysome levels to a maxi-
mum. No further increase in polysome levels was observed after
11 to 15 daily injections.

Fig. 3A charts the temporal changes in levels of total and
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membrane-bound polysomes after four daily injections of es-

trogen. Initially, free polysomes were present in larger amounts
than membrane-bound polysomes. At 12-15 days, the mem-
brane-bound polysomes had increased about 13-fold per unit
of wet weight of tissue. This fraction constituted from 80 to 82%
of the total polysomes. After 15 days, a steady decline in the
level of membrane-bound polysomes was observed. At 25 days,
this fraction was near its control level; the fraction of total po-
lysomes, however, remained significantly above control. By 40
days, both fractions had returned to control levels. After ad-
ministration of a secondary injection at 40 days, both fractions
of polysomes increased more rapidly than observed during
primary stimulation.

Fig. 3B depicts the effects of both one and four primary in-
jections of estrogen on the accumulation of whole-tissue RNA
as a function of time after treatment. Multiple injections re-

sulted in a greater accumulation of RNA than a single injection.
The peak response of RNA levels coincided with the maximum
accumulation of polysomes observed in Fig. 3A. The decrease
in RNA levels after 15 days, however, was less pronounced than
that of polysomal content. Again, a secondary injection evoked
a more rapid accumulation of RNA than was observed during
primary stimulation.

Electron micrographs of hepatic parenchymal cells (Fig. 4)
also illustrate the pronounced accumulation of estrogen-induced
membrane-bound polysomes or rough endoplasmic reticulum.
Another notable change in the ultrastructure of these cells was
the appearance of numerous Golgi complexes, presumably
engaged in the posttranslational modification and processing
of vitellogenin.

For translation in a cell-free protein-synthesizing system, total
polysomal RNA was extracted from purified hepatic polyri-
bosomes obtained from control or estrogen-treated frogs. In
preliminary work, we found that the total incorporation into
acid-precipitable products was variable as well as reduced at
standard concentrations of KC1 (60-70 mM). When the final
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FIG. 4. Effect of estradiol-17j3 on the ultrastructure of hepatic cells of male Xenopus. Control frogs (A) were given four daily injections of

propylene glycol, and experimentals (B) received four daily injections of the hormone (2mg per dose). Eight days later the livers of both groups

were taken for fixation and processing. Abbreviations: N. nucleus; M, mitochondrion; RER, rough endoplasmic reticulum; and G, Golgi com-

plex.



Biochemistry: Skipper and Hamilton

-3 500

_ 400

u.i

taZ 300

E 200
c.)

0 10 20 30 40 50 60 70 80
Migration Gel slice no.

FIG. 5. Electrophoresis of labeled products in NaDodSO4/poly-
acrylamide gels and the kinetics of incorporation (Inset) of
[35S]methionine in the wheat germ system. Preparations of polysomal
RNA were obtained from Xenopus males 8 days after seven injections
of estradiol-17g1 or propylene glycol, and were designated as induced
or control RNA, respectively. Labeled immunoprecipitates obtained
from the wheat germ system (:35S) and labeled vitellogenin of male
serum (14C) were subjected to electrophoresis in 0.1% NaDodSO4/5%
polyacrylamide gels. Count profiles were plotted without subtracting
background counts. RNA (40 mg) was added to the wheat germ sys-

tem, and incorporation was measured at the times indicated there-
after. For other details, see Materials and Methods. *, total incor-
poration after addition of induced RNA; o, immunoprecipitable in-
corporation after addition of induced RNA; A, total incorporation
with no RNA added; &, immunoprecipitable incorporation with
control RNA; and 0, total incorporation with induced RNA and 5 ,g
of RNase.

concentration of KCI was increased to 125 mM, the levels of
incorporation of [35S]methionine into polypeptide products
were increased 30-40%. The inset of Fig. 5 shows the kinetics
of incorporation into both acid-insoluble material and immu-
noprecipitable products. Incorporation was rapid for the first
30 min and slowed thereafter to 90 min. From 90 to 120 min
no further incorporation was observed. Incorporation was de-
pendent on exogenous RNA, and completely sensitive to RNase.
A very low level of endogenous background incorporation was
evident in the wheat germ system. No significant incorporation
of [l5S methionine into immunoprecipitable products was ob-
served upon addition of RNA from hepatic polysomes obtained
from untreated frogs; however, 70-77% of the total incorpo-
ration was immunoprecipitable by specific antivitellogenin
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agittb*d uponaddition of polysomal RNA isolated from po-
lysomes taken from frogs at the peak response following mul-
tiple estrogen injections.
To further identify the labeled, immunoprecipitable products

of the cell-free system, the antigen-antibody pellets obtained
after synthesis in vitro and from native vitellogenin labeled in
vivo were subjected to electrophoresis in 0.1% NaDodSO4/5%
acrylamide gels. Fig. 5 shows that the major labeled peptide
contained in the precipitates from the cell-free system migrated
to the same position as did native vitellogenin precipitated from
the serum of estrogen-treated males. Both precipitates con-
tained a minor component that migrated in front of the major
peptide product. Because native vitellogenin has only one
component (10), we think that the minor component of both
precipitates probably resulted from protease contamination in
the antibody preparation. Other minor, labeled peaks can be
seen throughout the gels. Determinations of the molecular
weight for vitellogenin in the gel system routinely gave values
ranging from 185,000 to 210,000.

Table 1 shows the activity of various RNA preparations in
the wheat germ system. Total polysomal RNA obtained from
the livers of either rats or control frogs did not direct incorpo-
ration of [35S]methionine into immunoprecipitable vitellogenin
in the cell-free system. In marked contrast, polysomal RNA
obtained from estrogen-treated frogs.directed pronounced
incorporation into vitellogenin. The content of vitelloginin
mRNA (per unit of RNA) appears to be approximately equal
in RNA preparation from frogs given either one or four daily
injections. However, because four daily injections resulted in
more polysomal RNA per unit of tissue weight (Fig. 3), the level
-of vitellogenin mRNA is clearly higher on the basis of weight
of tissue in animals given four daily injections.

DISCUSSION
Hormonal stimulation of protein synthesis in many tissues is
characterized by an acceleration of ribosome formation, re-

sulting in a net increase in the cytoplasmic concentration of
ribosomes (29, 30). Also, an increased and concomitant prolif-
eration of endoplasmic reticulum occurs in tissues that syn-
thesize large quantities of hormone-induced protein destined
for export (31, 32). Considerable evidence indicates that se-
cretory proteins are synthesized on membrane-bound poly-
somes (33, 34). Our data demonstrate a massive and prolonged
proliferation of membrane-bound polysomes or rough endo-
plasmic reticulum in male Xenopus liver, as a function of time
and dose of hormone. These changes paralleled the known
temporal changes in the rate of synthesis and secretion of vi-

Table 1. Analysis of translation of polysomal RNA in the wheat germ system

Incorporation into
Estrogen treatment protein, cpm/50,gl

Source of hepatic Daily Days after -Immuno- Vitellogenin,
RNA injections last injection Total precipitated %

150 0 0
Male rat 3875 155 4.0
Male Xenopus 4322 138 3.2

1 4 5431 2335 43.0
1 11 6702 4892 73.0
4 1 6250 2812 45.0
4 8 5915 4554 77.0
4 12 6109 5009 82.0

All frogs received 2 mg/day of estradiol-17fl for the indicated number of consecutive days, and on the designated day after the last of these
injections total hepatic polysomal RNA was isolated as already described. Forty milligrams of induced or control RNA (see Fig; 5) was added
to the cell-free system derived from wheat germ. The radioactivity values are averages of triplicate determinations of total incorporation and
of incorporation precipitated by monospecific antivitellogenin antibody.
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tellogenin (5, 13). The polysomes prepared and analyzed in our
work were obtained from all the hepatic cell types. Of these,
only the parenchymal cells are responsive to estrogen (15),
constituting about 50% of the hepatic cell population; conse-
quently, the hormone-induced polysomes of parenchymal cells
were contaminated by polysomes from nonresponsive cells. Our
measurements of changes in the levels of total and mem-
brane-bound polysomes (Fig. 3A) are, therefore, minimal es-
timates of the changes in parenchymal cells.
An early report (13) indicated that single doses of estradiol-

17j3 larger than 1 mg resulted in sporadic deaths and a high
incidence of edematous frogs. We found these problems only
if doses of 2 mg of the hormone were given for 10 or more
consecutive days. These treatments, however, resulted in only
10-15% deaths. Because four injections of 2 mg/day increased
levels of polysomes to near maximal values (Fig. 2) without
killing the frogs, we employed this treatment in most of the
experiments now reported. The requirement of chronic hor-
mone treatment to achieve maximal vitellogenic responses in
this system is probably related to the frog's high capacity to
catabolize estrogen (J. K. Skipper, K. D. Lanclos, and T. H.
Hamilton, unpublished data). The determination of the time
and dose of hormone treatment required to elicit maximal re-
sponses (Fig. 2) is of practical significance to investigations
aimed at the purification of vitellogenin mRNA or other hepatic
regulatory molecules evoked by estrogen.
The data obtained by using the wheat germ system demon-

strate the faithful translation of vitellogenin mRNA assessed
by two criteria: immunoprecipitation of labeled peptide
products by specific antibody and the comigration of the la-
beled immunoprecipitable products with native vitellogenin
in NaDodSO4/acrylamide gels (Fig. 5). Other laboratories have
recently succeeded in translating vitellogenin mRNA in cell-
free systems derived from reticulocytes (5, 9). An unusually
large percentage of the total labeled peptide formed in the
wheat germ system was incorporated into immunoprecipitable
products. Because different mRNA species have different K+
optima for translation in wheat germ systems (35), the various
mRNA species present in the RNA preparations we tested are
probably not translated at equivalent rates. We also recognize
that the content of methionine in vitellogenin may be higher
than that in the average liver protein. If so, a disproportionate
labeling of vitellogenin with ['5S]methionine would have oc-
curred; consequently, the percentage of label we observe in
immunoprecipitable products is probably not equivalent to the
percentage of vitellogenin mRNA present in a particular RNA
sample. The vitellogenin mRNA content (per unit of RNA)
appears to be approximately equal in RNA preparations from
.frogs given either one or four daily injections. However, because
four daily injections resulted in more polysomal RNA per unit
of tissue weight (Fig. 3), the level of vitellogenin mRNA is
clearly higher on the basis of weight of tissue in animals given
four daily injections.

In conclusion, our data indicate that estrogenic stimulation
of male Xenopus liver increases the level of vitellogenin mRNA
in concert with changes in the levels of total hepatic RNA, rough
endoplasmic reticulum, and membrane-bound polysomes
(compare Figs. 3, 4, and Table 1). Also, G. U. Ryffel and R.
Weber (personal communication), using hybridization with
cDNA for a more direct measure of vitellogenin mRNA, have
obtained comparable estimates of the relative proportion of the
mRNA in male Xenopus liver when hormone treatments
comparable to ours were given.
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