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A B S T R A C T Ovalbumin messenger RNA (mRNAov)
purified from hen oviduct was injected into Xenopus
laevis oocytes. The oocytes were incubated in culture
medium containing [3H]leucine. Analysis of the oocyte
cytosol on Sephadex G-150 columns demonstrated a
peak of radioactivity which cochromatographed with
authentic ovalbumin. Radioactive protein contained in
this peak was precipitated by ovalbumin antiserum, co-
electrophoresed with ovalbumin on sodium dodecyl sul-
fate (SDS) and urea gels at pH 8.7, and eluted with
the protein at the same pH (4.8) on CM-cellulose
chromatography. Injection of increasing amounts of
mRNA., was found to elicit a linear response in terms
of ovalbumin synthesis. Moreover, there was linear in-
corporation of radioactivity into microinjected oocytes
over a minimum period of 91 h. Less than 1 ng mRNA0,
was detected in this system. Ovalbumin mRNAactivity
was present in RNA preparations from chicks treated
with estrogen but was undetectable in animals with-
drawn from the hormone. This study constitutes an ini-
tial demonstration of a steroid hormone-induced altera-
tion in mRNApopulation as assayed in intact viable
heterologous cells.

INTRODUCTION
In the chick oviduct, estrogen induces the synthesis of
the specific egg white proteins, ovalbumin, conalbumin,
lysozyme, and ovomucoid (1, 2). The induction of these
proteins is associated with an accumulation of their re-
spective mRNAs (3-5). In the case of ovalbumin, de-
tailed kinetic studies led to the hypothesis that the estro-
genic induction of ovalbumin mRNA(mRNAov)' was
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1Abbreviations used in this paper: DES, diethylstilbestrol;
mRNA, ovalbumin mRNA.

a rate-limiting step in steroid hormone-mediated induc-
tion of protein synthesis (6, 7). Previous studies per-
formed on the translation of hormone-induced mRNAs
also include the glucocorticoid induction of tryptophan
oxygenase in the rat liver (8) and the androgenic in-
duction of aldolase in the rat ventral prostate (9) and
alpha2u globulin in the rat liver (10). In each of these
instances the hormone-regulated mRNAswere translated
in heterologous cell-free extracts in vitro. While it is
unlikely that results obtained from these in vitro trans-
lation systems represent biochemical artifacts, it would
be desirable also to study such hormone-mediated re-
sponses in heterologous living-cell systems. In these
systems, specific tissue responses to steroid hormones
can be monitored in whole cells under controlled but
perhaps more natural conditions. One such living cell
system is the Xenopus laevis oocyte, first developed by
Gurdon et al. for the translation of hemoglobin mRNA
(11, 12).

In this communication, we have used and charac-
terized the Xenopus laevis oocyte as an extremely sen-
sitive translation system for mRNA0,. Using this living-
cell system, we have also examined the biological ac-
tivity of mRNApopulations isolated from chick ovi-
ducts under differing hormonal states.

METHODS

Preparation of recipient oocytes. Adult female Xenopus
laevis toads were induced to ovulate by two injections of
human chorionic gonadotropin (400 U, Sigma Chemical
Co., St. Louis, Mo.). Mature eggs were discarded; the toads
were sacrificed 2 wk after induction of ovulation, and stage
V oocytes (13) were isolated in Barth's medium (14).
These oocytes were used for microinjection experiments.

Preparation of mRNA... mRNA., preparations used for
the microinjection were obtained by-the sequential applica-
tion of the following procedures as reported by Rosen et al.
(15): (a) total nucleic acid extract; (b) nitrocellulose ad-
sorption; (c) Sepharose 4B chromatography; (d) repeat
nitrocellulose adsorption; and (e) preparative agarose gel
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electrophoresis .'The' mRNAo, preparation purified by these
procedures is better than 95% pure (15).

For induction experiments, groups of 10-day-old white
Leghorn chicks were injected with 2.5 mg diethylstilbestrol
(DES) in sesame oil subcutaneously daily for 10 days.
They were then withdrawn from all hormone for 11 days.
On the 12th day of withdrawal, they were treated with a
single injection of 2.5 mg DES 18 h before sacrifice. For
0 h controls, the final injection of DES was omitted. Total
RNA was isolated from the oviduct of these chicks by
extraction in sodium dodecyl sulfate (SDS)-phenol by the
method of Rosenfeld et al. (5, 16). Each pooled sample
was further purified by affinity chromatography on an oligo-
deoxythymidylate-ctellulose column by the method of Aviv
and Leder (17). Samples were applied to the column in 0.5
M KCl 10 mMTris HCl, pH 7.6. The column was rinsed
thoroughly with 0.1 M KCl 10 mMTris HCl, pH 7.6, and
the adsorbed fraction was eluted with 10 mMTris HCl
pH 7.6. This polyadenylate-rich fraction was precipitated
in 0.25 MNaCl and 2 vol of ethanol at - 20'C overnight.

Injection of mRNA., into oocytes. Unless otherwise
specified, each type of mRNApreparation was injected
into 15 oocytes with glass micropipettes calibrated to deliver
24 nl of the mRNA., dissolved in water. Control injections
of identical volumes of water were administered to oocytes
from the same animal. Injected oocytes were incubated at
19'C in sterile Barth's medium (14) containing L-[4,5-8H]-
leucine 0.5 mCi/ml (sp act 46 Ci/mmol). Upon termination
of the incubations, the oocytes were rinsed three times with
buffer A (0.0522 M-glycine 0.0522 M Tris, pH 8.9) and
frozen at -70°C. For analysis, each sample was homoge-
nized in 0.75 ml buffer A with ovalbumin 1 mg/ml added
as carrier in a glass Teflon homogenizer (Arthur H.
Thomas Co, Philadelphia, Pa.) and centrifuged at 50,000
rpm in a type 65 rotor in a Beckman L3-50 ultracentrifuge
(Beckman Instruments, Inc., Fullerton, Calif.) at 4°C for
60 min. Aliquots of the supernatant fraction were treated
with 10% TCA and heated at 90°C for 10 min, and TCA-
precipitable radioactivity was collected on glass fiber filters,
which were rinsed with ice cold 5% TCA. The fibers were
counted in Spectrofluor-Triton X-100 (2: 1 in volume).

Sephadex G-150 column chromatography. Gel filtration
on Sephadex G-150 columns was done at 23°C in buffer A
on 0.9 X 100-cm columns. 1.2-ml fractions were collected,
and 25-IAl aliquots were counted in Spectrofluor-Triton X-
100 (2: 1 in volume).

SDS-gel electrophoresis. 10% polyacrylamide discontinu-
ous gel electrophoresis was performed on 12-cm gels in
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FIGURE 1 Sephadex G-150 analysis. (A) 15 oocytes in-
jected with 24 nl water and (B) 15 oocytes injected with
7.68 ng mRNA0, in 24 nl homogenized and centrifuged as
described in Methods and analyzed on Sephadex G-150
column 1.2-ml fractions were collected and 25 1d counted
in Spectrofluor-Triton X-100 (2: 1).

0

04

o2

/mRNA

0 20 40 60 100 200 400 600
ANTISERA ADDED (p1)

FIGURE 2 Immunoprecipitation of peak0,. 50-jld aliquots of
peak., from Fig. 1A (water-injected control = 2,400 cpm)
and 50-,L1 aliquots of peak., from Fig. 1B (mRNA., in-
jected=8,700 cpm) were allowed to react with increasing
amounts of ovalbumin antiserum. No attempt was made to
use equal counts in the original samples because they both
contained equal amounts of carrier ovalbumin, and would
have approximately similar equivalence curves.

SDS according to thle method of Weber and Osborne (18).
Gels were stained with Coomassie Blue and scanned at
600 nm. They were then sliced by a multiple-blade slicer,
and 2-cm slices were solubilized in 0.3 ml 30% hydrogen
peroxide and counted in Spectrofluor Triton X-100 (2: 1).

Polyacrylamide gel electrophoresis in alkaline urea. Sam-
ples were applied to 10-cm gels containing 7.5% acrylamide
and a 0.5-cm stacking gel in 8 M urea, 20 mMTris HCI,
pH 8.7 at room temperature. Electrophoresis was carried
out at 1 mA/tube until the marker dye (Bromphenol blue)
entered into lower gel and then at 3 mA/tube for about
3 h (19).

CM-cellulose chromatography. 2-cm CM-cLellulose col-
umns were packed on glass Pasteur pipets and equilibrated
with 0.1 M ammonium acetate, pH 3.8. Samples were ap-
plied in the same buffer, and the column was successively
eluted with 0.1 M ammonium acetate with increasing pH.
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FIGURE 3 SDS-gel electrophoresis. An aliquot from peak.,
corresponding to approximately 5,000 cpm was run on a
10% SDS acrylamide gel, stained, scanned, sliced, and
counted as described in Methods.
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FIGURE 4 Disk-gel electrophoresis in alkaline urea. An aliquot from peak., corresponding to
approximately 15,000 cpm was run on a 7.5% acrylamide gel, stained, scanned, sliced, and
counted as described in Methods.

1-nl samples were collected, and optical densities of these
fractions were read at 280 nm. Aliquots were counted in
Spectrofluor-Triton X-100 (2: 1).

Immunoprecipitation with ovalbumin antiserum. Since
carrier ovalbumin (1 mg/ml) was already added to the
original sample before G-150 column chromatography, im-
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FIGuRE 5 CM-cellulose chromatography. A 2.5-cm column
of CM-cellulose was set up in a Pasteur pipette in 0.1 M
ammonium acetate, pH 3.8. An aliquot of peak., corre-
sponding to 15,000 cpm together with 0.7 mg carrier oval-
bumin was loaded on the column in the same buffer. The
column was eluted with successive batches of the buffer at
increasing pH as shown. 1-ml fractions were collected.
Absorbance at 280 nm was determined on whole fractions,
before they were counted in Aquasol (New England Nu-
clear, Boston, Mass.).

munoprecipitation was carried out simply by the addition
of increasing amounts of ovalbumin antiserum. The reac-
tion mixture was incubated at 230C for 60 min. Under
these conditions, 85-90% of authentic [14C] ovalbumin is
specifically precipitated (15). Immunoprecipitates were pel-
leted by low-speed centrifugation. Aliquots from the super-
natant fraction were counted in Spectrofluor-Triton X-100

TABLE I
Effect of Microinjection on Protein Synthesis in Oocytes*

TCA-precipitable
cpm/oocyte X 10-6

Uninjected 2.8
Injected with water: 2.6
Injected with 0.38 ng mRNAo4, 3.7
Injected with 3.84 ng mRNA4,t 4.4
Injected with 7.68 ng mRNA.,t 4.9
Injected with 17.6 ng mRNA.,§ 4.1
Injected with 0.77 ng mRNA0,jj 1.9

* Groups of 15 oocytes from the same animal were injected,
incubated in Barth's medium containing [3H]leucine (0.5
mCi/ml) at 19'C for 20 h. Samples were homogenized in
buffer, and TCA-precipitatable radioactivity was determined
as described in Methods.
t 24 nl per oocyte.
§ 55 nl per oocyte.

I1 Oocytes were visibly damaged by the injection process. They
were incubated and processed similarly so as to assess the
effect of cellular damage to protein synthesis in these oocytes.
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FIGURE 6 Dose-response relationship of mRNA., transla-
tion in oocytes: sephadex G-150 analysis. Samples processed
as described in Fig. 1 were fractionated on 0.9 X 90-cm
Sephadex G-150 columns. 1.2-ml fractions were collected
and 25-jul aliquots counted in Spectrofluor-Triton X 100.

(2: 1). The pellet was washed once in a standard wash
buffer (10 mMsodium phosphate pH 7.5, 15 mMsodium
chloride, 4 mML-leucine, 1% sodium deoxycholate, and 1~o
Triton X-100) and twice in 0.9% saline. The final pellet
was dissolved in NCS (Amersham/Searle Corp., Arlington
Heights, Ill.) and counted in Spectrofluor (Amersham/
Searle Corp.).

RESULTS
Ovalbumin synthesis after injections of ovalbumin

mRNA.Y. When a supernatant fraction of oocytes ex-
posed to [8H]amino acids before homogenization was
applied to a Sephadex G-150 column, two peaks of radio-
activity were routinely observed. The first peak cor-
responded to nascent radiolabeled oocyte protein which
was excluded by the column, and the final peak repre-
sented free [8H]leucine (Fig. IA). This pattern was
observed when control oocytes injected with water were
then incubated in medium containing ['H]leucine. An
extra peak of radioactivity, however, was observed when
mRNAo, was injected into the oocytes (Fig. 1B). This
extra peak cochromatographed with authentic recrystal-
lized ovalbumin carrier which was monitored by its
absorbance at 280 nm.

Immunoprecipitation of ovalbumin synthesized in
Xenopus oocytes. The fractions containing the extra

peak of radioactivity which cochromatographed with
authentic ovalbumin were collected and pooled (desig-
nated peak.,). To test the immunologic activity of the
radioactive protein contained in the peak, aliquots were
incubated with increasing amounts of ovalbumin antise-
rum (Fig. 2). The immunoprecipitates were pelleted
and washed by repeated centrifugation. The final pellets
were solubilized in NCS and counted in Spectrofluor.
As shown on Fig. 2, in peak., obtained from oocytes
injected with mRNA0v, 63% of the radioactivity was
precipitated by the antiserum at the equivalence point.
Partial solubilization of the immunoprecipitate was ob-
served when excess antiserum was added. In peak., of
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FIGURE 7 Dose-response relationship of mRNA., transla-
tion in oocytes: effect on newly synthesized ovalbumin.
Peak0. from Fig. 6 were collected and counts in ovalbumin
determined by immunoprecipitation. Intracellular concen-
tration of injected mRNAis calculated from the amount
injected divided by the volume of each oocyte (assumed to
be 1 y1).
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FIGURE 8 Dose-response relationship of mRNA., translation: proportion of newly synthesized
ovalbumin as percent of total labeled protein. The counts in total protein were obtained by
subtracting counts per minute in ovalbumin determined by immunoprecipitation from total TCA-
precipitable counts per minute taken before Sephadex G-150 chromatography.

water-injected samples, only low background radioac-
tivity (0.04%) due to nonspecific coprecipitation was
recovered in the precipitate. Since under our conditions
of immunoprecipitation about 85-90% of authentic oval-
bumin was precipitated, about 75% of the labeled pro-
tein under peako. should be considered immunologically
similar to ovalbumin.

SDS-gel electrophoresis. To determine the size of
the newly synthesized proteins contained in peak0,, the
pooled sample was analyzed by gel electrophoresis in
10% polyacrylamide in SDS (Fig. 3). The radioactivity
in the gel slices was found to comigrate with authentic
ovalbumin added as an internal marker in the same gel.
Hence, the major component of the newly synthesized
protein under the extra peak of radioactivity had the
same molecular weight as native ovalbumin as deter-
mined under denaturing conditions.

Polyacrylamide gel electrophoresis in urea. To de-
termine the relative net charge of the protein under de-
naturing conditions, an aliquot of peak., obtained from
oocytes injected with mRNA., was run in a 7.5%
acrylamide gel in 8 Murea, 20 mMTris pH 8.7. Peak.,
was found to migrate to the same region as authentic
ovalbumin added to the same gel as an internal marker
(Fig. 4).

CM-cellulose chromatography. Peak., was analyzed
on a 2-cm CM-cellulose column. Both authentic ovalbu-
min and the majority of the nascent radioactive protein
(peak.,) were eluted from the column at the identical

pH (4.8). Some residual radioactivity was eluted at
pH 10 when no further carrier ovalbumin could be
eluted (Fig. 5). These results suggest that the bulk of
the radioactive protein in peakov carries the same charge
as native ovalbumin. The radioactivity eluted at pH 4.8
but not that eluted at pH 10.0 was found to be totally
precipitable in the presence of ovalbumin antiserum.

Dose-response relationship of injected mRNA... To
test the dose-response relationship of injected mRNA0v
in terms of synthesis of ovalbumin in the oocyte, dif-
ferent dilutions of mRNAo. were injected into batches
of 15 oocytes isolated from the same animal. Incubations
were then carired out in the presence of [3H] leucine
for 20 h. As shown on Table I, total protein synthesis
was not affected by the injection procedure itself, since
the uninjected and water-injected controls gave the same
total counts incorporated into protein. Injection of
mRNAo., however, stimulated total protein synthesis.
Maximal stimulation was observed when 7.68 ng of
mRNAo. was injected into each oocyte. One batch of
oocytes injected with 0.77 ng mRNA0. was visibly dam-
aged but was included to study the effect of partial cel-
lular damage on the response. Total protein synthesis
in this instance was below control. All mRNAo. samples
were injected in a volume of 24 n1 except the highest
dose used, viz 17.6 ng/oocyte. In this last instance, 55
nl total volume was injected into each oocyte. This large
volume may be related to the lower total protein syn-
thesis observed in this group of oocytes.
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When the oocyte samples were analyzed on Sephadex
G-150 columns, a gradually increasing peakov was ob-

0.080 served (Fig. 6). Even at 0.38 ng/oocyte a definite
o.060 peakov was evident. Individual peakso, were pooled and

the radioactivity contained in newly synthesized ovalbu-
min was determined by immunoprecipitation with oval-
bumin antiserum. Fig. 7 shows that the radioactivity in-
corporated into ovalbumin increases in concert with in-

0.120 creasing amounts of injected mRNAov. The radioactiv-
0.100 ity in the 0.77 ng/oocyte sample was lower than pre-
0. 080 dicted from the curve, probably because of the damage

which occurred to the oocytes during the injection (see
Table I). However, when [3H] labeled ovalbumin was
expressed as a percent of the total [3H]labeled protein
in the oocyte, an essentially linear response was seen,
including the damaged sample (Fig. 8). In the oocytes
injected with 17.6 ng mRNAov, ovalbumin comprised
about 31% of the newly synthesized protein. Saturation

0.100 was not reached under our experimental conditions.
o080 Time-course of ovalbumin synthesis. To determine

the time-course of ovalbumin synthesis, batches of
oocytes were injected with 3.8 ng/oocyte mRNAovand
incubated in the presence of [3H]leucine for varying pe-
riods of time. Under these conditions, the oocytes were
still actively synthesizing new protein at 91 h after the
injection (Figs. 9A, 9B). One group of oocytes (data
not shown) were incubated in the absence of radioactive
amino acids for 8 days and then subsequently incubated
in medium containing [8H] leucine for 16 h. These
oocytes incorporated 70% as much total radioactivity as
did the group which was incubated for 16 h in [3H]-
leucine immediately after the injection.

When the samples were analyzed on Sephadex G-150
columns, a peakov was seen at 2-91 h (Fig. 9A). It was
also evident in the sample incubated initially in unla-
beled medium. In these experiments the [3H]leucine-

sis o labeled medium was changed every 36 h to ensure an
6 adequate supply of [3H]leucine to the oocytes.

The peakov fractions were pooled and analyzed by im-
5 munoprecipitation with ovalbumin antiserum. As shown

in Fig. 9B, ovalbumin synthesis in the oocytes was linear
o up to the 91-h sample. Interestingly, endogenous pro-

4 Z tein synthesis seemed to be inhibited in the samples
incubated for long periods of time.
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FIGURE 9 Time-course of mRNA., translation in Xenopus
laevis oocytes. Oocytes were injected with 3.84 ng mRNA0.
They were incubated for varying periods of time and
processed as described in Methods. (A) Sephadex G-150
column chromatography was performed as described in
legend to Fig. 6. (B) Total new protein synthesis was

determined by TCA precipitation in the original samples
before Sephadex G-150 chromatography as described in
Methods. Newly labeled ovalbumin was determined by im-
munoprecipitation, and endogenous protein synthesis is ob-
tained by subtraction of immunoprecipitable counts in peak.,
from total TCA-precipitable counts.
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FIGuaa 10 Effect of estrogen on mRNApopulations in
chick oviducts. Groups of chicks were treated with DES
2.5 mg daily for 10 days and then withdrawn from all
hormone for 11 days. One group (A) was retreated with
a single subcutaneous injection of DES 2.5 mg, 18 h before
sacrifice. Control chicks (B) were sacrificed without re-
treatment with hormone. Total RNA was extracted from
oviducts and polyadenylate-containing mRNA fractions
were isolated from these preparations by affinity chroma-
tography on oligodeoxythymidylate-cellulose as described in
Methods. For the hormone-stimulated sample, 24 nl (35.5
ng) and for the hormone-withdrawn sample, 24 nl (25.5
ng) of Poly A containing RNA was injected. Incubation
was at 19°C for 20 h, and the samples were processed and
fractionated on Sephadex G-150 column as described in
Methods.

Effect of estrogen on oviduct mRNA. When partially
purified mRNAisolated from oviducts of chicks sacri-
ficed 18 h after receiving DES was injected into oocytes,
a definite peak., was observed on the Sephadex G-150
column (Fig. 10). This peak was not readily apparent
when a mRNAfraction prepared from oviducts of ani-
mals withdrawn from estrogen was injected into the
oocyte. Fractions under peak.- (fractions 32-38) from
each column were then subjected to immunoprecipitation
against ovalbumin antiserum (Fig. 11). Whereas the
preparation of mRNAfrom control oviducts did not
direct the synthesis of ['H] ovalbumin, the mRNA
sample prepared from estrogen-stimulated oviducts was
shown to contain mRNAo. activity.

DISCUSSION
Xeno pus oocytes and eggs have been used as efficient
translation systems for mRNAs for a number of pro-
teins including rabbit, mouse and duck hemoglobin (11,
12, 20), guinea pig a-lactalbumin (21), mouse myeloma
immunoglobulin light chain (22-24), calf lens crystal-
lin protein (25), encephalomyocarditis virus of mouse
(26), honeybee promellitin (27), trout testis protamine

(28), mouse collagen (27, 29), Rana pipiens collagen,
(30) and beef thyroglobulin (31, 32). Wehave utilized
the same system to translate mRNA0v. The ovalbumin
synthesized in the oocytes was identified as essentially
identical to the authentic protein by the following cri-
teria: (a) it cochromatographed with the native protein
on both Sephadex G-150 chromatography and SDS-gel
electrophoresis; (b) it carried the same net charge as
the native protein on acrylamide-gel electrophoresis in
alkaline urea and CM-cellulose chromatography; and
(c) it is specifically precipitated with an antiserum
against the native protein. In addition, the fraction
eluted off the CM-cellulose column at pH 4.8 was also
fully precipitated by the antiserum.

It should be noted that even with pure mRNA0v, only
a proportion of the radioactivity under peak., was pre-
cipitable with ovalbumin antiserum. This is explained by
the endogenous protein synthesis in the Xenopus oocyte.
The G-150 column separated ovalbumin from over 90%
of the labeled cellular protein, but a significant amount
cochromatographed with ovalbumin. The percent pre-
cipitable [3H]ovalbumin depended on the amount of in-
jected mRNA0v; to a certain extent, the more mRNA.,
injected, the greater was the percent [8H]ovalbumin
under peak.,. The differing amounts of [8H]ovalbumin
under peak., were not adequately reflected in the SDS
and urea gels, possibly because small amounts of pro-
tein distributed over the entire gels were lost during
the staining and destaining procedures. On the CM-
cellulose column, some radioactivity was eluted at pH 10
when no more ovalbumin was eluted. Thus, in this sys-
tem to quantitate the protein synthesized, it is impor-
tant to carry out immunoprecipitation with each sample.
The usual practice of computing all the radioactivity un-
der the extra peak as a measure of the newly synthe-
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FIGURE 11 Immunoprecipitation of peako, in control RNA
and 18-h RNA-injected oocytes. Immunoprecipitation with
ovalbumin antiserum was carried out as described in Meth-
ods. 50-,ul aliquots of peak., from 18-h RNA (6,800 cpm)
and 0-h control RNA (6,000 cpm) were used.
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TABLE I I
Efficiency of mRNA., Translation in Xenopus

laevis Oocytes

Concentration of mRNA.,, ng/ml 320
Injected mRNA.,, pg/cell* 7,680
Injected mRNAo., pmol/cell: 0.0118
Number cells/sample 15
cpm [3H]leucine incorporated into

ovalbumin/cell/h 3,414.8
Pool size of leucine, pmol/cell§ 250.4
Specific activity of intracellular

leucine pool, cpm/pmolI 828.8
Ovalbumin synthesized, pmol

ovalbumin/cell/h¶ 0.1287
Number ovalbumin molecules

synthesized/h/mRNAo, molecule 10.91

* Assumes no leakage or breakdown of mRNA0v.
t Assumes that the molecular weight of mRNAov is 650,000
(15).

§ Eppig and Dumont (35).
11 Calculated from the leucine pool size and the acid-soluble
counts per minute per cell recovered from column of Sephadex
G-150.
¶ Assumes 32 leucine residues per ovalbumin molecule (36).

sized protein obviously introduces errors in the calcula-
tion.

There are certain interesting properties of ovalbumin
synthesized in Xenopus oocytes as compared to the
same protein synthesized in cell-free heterologous trans-
lation systems. In both the reticulocyte lysate as well
as the wheat germ systems, the translation product
identified as ovalbumin migrates as a broad peak on

SDS-gel electrophoresis, with an average apparent size
distribution slightly smaller than the authentic protein
(3, 15). The aberrant mobility of the in vitro product
on gels may be related to structural heterogeneity of
the carbohydrate chain on the in vitro products as well
as to the in vitro synthesis of peptides of differing chain
lengths. In the oocyte, the translation product appears
to be more homogeneous in size, and to migrate almost
identical to the natural protein. This fact and the obser-
vation of a similar net charge on CM-cellulose chroma-
tography as well as alkaline urea-gel electrophoresis
suggest, but do not prove, that carbohydrate chains are
added on to the product synthesized in the oocytes.
Preliminary experiments indicate that UDP-N-acetyl-
glucosamine may be incorporated into the final ovalbu-
min molecule in the Xenopus oocyte.

Wehave also presented evidence for the initial dem-
onstration of a steroid hormone-induced alteration in
mRNApopulation as assayed in intact viable heterolo-
gous cells. While there was no radioactive immunopre-
cipitable ovalbumin in samples from oocytes injected
with RNA from 3-wk hormone-withdrawn oviducts, it

was clearly shown to be present in samples injected
with RNAfrom oviducts which were stimulated with a
single dose of estrogen. The newly synthesized ovalbu-
min represented about 6.3% of the total labeled pro-
tein which would correspond to the injection of 2.8 ng
pure mRNA., per oocyte. Since 35.5 ng RNAwas in-
jected into each oocyte, it can be calculated that 18 h
after a single injection of DES, the restimulated ovi-
duct RNApopulation contained 7.9% of mRNA., rela-
tive to the total poly A-containing mRNApopulation.
This is actually an underestimation since the RNA
purified by oligodeoxythymidylate cellulose is still con-
taminated with at least 50% ribosomal RNA (15).
Thus, a better estimate would place the mRNA0. con-
tent at 15-20% of the total polyadenylate containing
RNApool.

The dose-response curve demonstrates that within the
dose range we used for our experiments, the amount of
newly synthesized ovalbumin bears roughly a linear re-
lationship to the amount of mRNA0v injected. This is
true even with oocytes partially damaged by injections
if the newly synthesized ovalbumin is expressed as a
percent of the total labeled protein. Any damage to the
oocytes seemed to impair endogenous mRNAtranslation
to the same extent as translation of the injected mRNA.

It is easily apparent that the Xenopus oocyte is an ex-
tremely sensitive translation system: the lowest point on
Fig. 8 represents an injection of 0.38 ng mRNAo. per
oocyte to a total of 15 oocytes followed by incubation
for 20 h. There were 70,000 cPM incorporated into
ovalbumin per oocyte under these conditions. By in-
creasing the specific activity of the incubation medium
and prolonging the time of incubation, probably less than
10 pg mRNAcan be detected in this translation system.

The efficiency of translation of injected mRNA0v
molecules compares favorably to that of injected hemo-
globin mRNA. As the calculations on Table II show,
one molecule of ovalbumin is synthesized from one
molecule of mRNA., every 6 min. This is a minimum
number since it assumes no leakage, no destruction of
injected mRNAor the newly synthesized ovalbumin,
and it also assumes absolute purity of the injected
mRNAo.. This rate of translation also compares favor-
ably to the transit time of 1.3 min calculated for the
intact hen oviduct (33). This latter rate was derived at
a temperature of 41°C. With the Qio of 2.2 and an in-
cubation temperature of 190C, the expected transit time
would be approximately 6-7 min. This indicates that
the Xenopus laevis oocyte is as efficient as the intact
hen oviduct in translating ovalbumin mRNA. As re-
ported by Gurdon et al. (34) for hemoglobin mRNA,
mRNA., appeared to be remarkably stable up to a pe-
riod of at least 9 days. During prolonged incubations,
mRNA., molecules seemed to compete successfully
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against endogenous mRNAfor the cellular translation
apparatus.

With the development of such an efficient translation
assay for a hormone-regulated protein, it would appear
feasible to use this system for the detection of biologi-
cally intact gene transcripts produced by RNA poly-
merase from injected samples of chromatin. This is
potentially an important biological assay with sensi-
tivities approaching that of hybridization reactions uti-
lizing complementary DNA ([3H]cDNAov) for ovalbu-
min mRNA. The oocyte assay for specific mRNAmole-
cules should serve as an important adjunct to [8H]-
cDNA0r hybridization assays since only intact functional
molecules of mRNAwill be detected in such a system.
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