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ABSTRACT The messenger RNA for ovalbumin, the
major secretory protein of the chick oviduct, appears not
to be made as a high-molecular-weight precursor when
artifacts due to aggregation are eliminated. No ovalbumin
messenger RNA sequences that will hybridize to comple-
mentary DNA made against ovalbumin mRNA are found
in concentrated samples of hen oviduct RNA larger than
28 S. The sensitivity of the hybridization assay is suffi-
cient to detect less than one molecule of ovalbumin mRNA
precursor per tubular gland cell. Newly synthesized
ovalbumin messenger RNA isolated from immature chicks
stimulated briefly by estrogen is the same size as that
found in hen polyribosomes. We conclude that ovalbumin
messenger RNA does not undergo any significant change
in molecular weight from its initial transcription to its
incorporation into polyribosomes.

The synthesis of messenger RNA in animal cells and its trans-
port from the nucleus to the cytoplasm has received much
attention in recent years, but our understanding of this
process is incomplete and confused. A model for mRNA syn-
thesis has been proposed by Darnell and coworkers (1) which
involves the initial synthesis of a large precursor RNA with
subsequent post-transcriptional addition of poly(A) sequences
to the 3' terminus. This large precursor is degraded except
for the 3' portion containing the mRNA, which is then trans-
ported to the cytoplasm and incorporated into polysomes.
A large amount of evidence supporting this hypothesis has

been reported. Both heterogeneous nuclear RNA (HnRNA)
and mRNA contain a 3'-terminal poly(A) region of approxi-
mately the same length (2). Jelinek et al. (3) have reported
that much of the poly(A) synthesized in the nucleus is con-
served and transported to the cytoplasm. However, Perry
and coworkers (4) have recently suggested that most of the
nuclear poly(A) remains in the nucleus and is degraded there.
Further evidence for the precursor-product relationship be-
tween HnRNA and mRNA has been obtained for specific
mRNAs by either translation of the HnRNA in vitro (5, 6) or
by its hybridization to complementary DNA (7). Such results
are not completely convincing because the possibility of
aggregation artifacts in sucrose gradients has not been rigor-
ously excluded. Proof that a large precursor exists for a specific
mRNA should involve separation of the precursor from poly-
somal mRNA and a careful demonstration of its covalent
integrity by a variety of denaturing techniques. This has not
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been reported for any proposed precursor, and in cases where
dimethylsulfoxide (Me2SO) gradients have been used, most
of the large mRNA sequences dissaggregate to polysomal
mRNA sizes (7). In this study we report evidence suggesting
that the mRNA coding for chick oviduct ovalbumin (OV)
is synthesized, transported to the cytoplasm, and incorpo-
rated into polysomes without a measurable change in its
molecular weight.

MATERIALS AND METHODS

Chicks, Injections, and RNA Labeling. The magnum portion
of the oviduct from either laying hens or chicks was used in
this study. Four-day-old, female White Leghorn chicks were
given 10 days of primary stimulation with estradiol benzoate
(1 mg/day) and then withdrawn from the hormone for 6-8
weeks as described (8). Secondary stimulation was initiated
by intramuscular injection of 3 mg of estradiol benzoate to
the withdrawn chicks. RNA was labeled with [3H]uridine by
explanting small fragments of hen magnum in Hank's salts
solution containing 0.35 g/liter of sodium bicarbonate, 25
mM N-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; pH 7.0), 100 units/ml of penicillin, 100 usg/ml of
streptomycin, and 500 /Ci/ml of [5-3H]uridine (27 Ci/mmol)
for 15-30 min at 370.

RNA Isolation. Nuclei were not used because of possible
RNA degradation during their isolation. Total RNA was
extracted from oviduct magnum by Dounce homogenization
in 9 volumes (w/vy of TNM buffer [10 mM Tris HCl (pH
7.4), 5 mM MgCl2, 25 mM NaCl] containing 5% (w/v) suc-
rose, 1 mg/ml of sodium heparin, 1% Triton X-100, and
1% sodium deoxycholate at 4°. An equal volume of 2X so-
dium dodecyl sulfate (NaDodSO4) buffer [1% NaDodSO4, 10
mM Tris HCl (pH 7.5), 5 mM EDTA] was added, and the
entire mixture was extracted with an equal volume of phenol-
chloroform (1:1) by shaking 30 min at 250 and centrifugation
at 15,000 X g for 15 min to separate the phases. The aqueous
phase was re-extracted twice with phenol-chloroform and
made 0.2 M in NaCl. The nucleic acid was precipitated with
2.5 volumes of ethanol at -20° overnight. RNA was freed of
contaminating phenol-chloroform by repeated ethanol precip-
itations or by washing the precipitated RNA with 70%
ethanol containing 0.1 M NaCl. DNA was removed by two
to three washes of the ethanol precipitate with 3 M sodium
acetate, 5 mM EDTA as described (9) and subsequent re-
precipitation with ethanol to remove the salt. DNase diges-
tions where indicated were performed in TNM buffer for 1 hr
at 250 with 20 ,ug/ml of DNase (Worthington RNase-free)
that had been treated with iodoacetate to remove small
amounts of contaminating RNase (10). DNase was removed
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by phenol-chloroform extraction. Polysomal RNA was iso-
lated as described (11).

RNA Sedimentation in Sucrose Gradients. RNA samples
were lyophilized to remove ethanol, dissolved in 0.5 ml of
NaDodSO4 buffer, heat-treated at 650 for 10 min, and cooled
rapidly in an ice-salt bath. The RNA was layered directly on
either 15-30% or 5-20% (w/v) linear sucrose gradients made
in NaDodSO4 buffer and centrifuged in an SW41 rotor at
41,000 rpm, 250 in a Beckman L-350 centrifuge for the times
indicated. Fractions (0.5-1 ml) were collected from the bot-
tom of the tube. Palmiter (12) demonstrated that the 650
heat treatment method disaggregated OVmRNA without
reducing its ability to direct OV synthesis in a reticulocyte
lysate. Other workers (13, 14) have also found similar heat
treatments to effectively disaggregate RNA without causing
thermal degradation.

Isolation of >28S RNA. Total RNA was centrifuged on 5-
20% sucrose-NaDodSO4 gradients for 5 hr. The top part of
the gradient was removed leaving the bottom 2.5 ml, which
contained RNA sedimenting at about 28 S or larger. This
RNA was then concentrated by ethanol precipitation. Using
pulse-labeled RNA, we find no loss of RNA using this proce-
dure. Large RNA concentrates in the bottom milliliters of
the gradient but does not form a firm pellet because of its
high solubility.

RNA -DNA Hybridization. Complementary DNA (cDNA)
was synthesized from purified OVmRNA with RNA-depen-
dent DNA polymerase from Rous sarcoma virus as described
(15) with the following modifications. The cDNA was labeled
only with [3H ]dCTP (30 Ci/mmol) and was treated with
0.3 M NaOH for 16 hr to destroy RNase and contaminating
RNA. The specificity of this cDNA for OVmRNA sequences
has been rigorously demonstrated (15). Hybridizations were
performed at 680 in 0.3 M NaCl, 10 mM Tris HCl (pH 7),
2 mM EDTA, in a total volume of 20 ,ul. Reticulocyte RNA
(0.5 mg/ml) and 0.1% NaDodSO4 were added to inhibit any
RNase present. Hybrid formation was assayed by diluting
the reactions with 1 ml of S1 buffer [30 mM Na acetate (pH
4.5), 3 mM ZnCl2, 0.3 M NaCl, 10 ,gfml of denatured and 10
,ug/ml of native calf thymus DNA]. S1 single-strand specific
nuclease is a significant contaminant in a-amylase (Sigma
Grade IV) from Aspergillus oryzae and was obtained by dis-
solving a-amylase in S1 buffer at 4 mg/ml. The enzyme (400
Ag) was added to each reaction mixture, which was then
incubated at 370 for 2 hr. Sigma a-amylase is also slightly
contaminated with a double-stranded nuclease activity, but
does not digest RNA-DNA hybrids under these conditions
(McKnight, unpublished data). Trichloroacetic acid-precipi-
table radioactivity was measured (15) and expressed as percent
of control incubations of cDNA without S1 digestion. Three
to 6% of the cDNA was nuclease resistant in the absence of
OVmRNA, and these values were subtracted. The specific
activity of the cDNA is about 8000 cpm/ng, and 175-200
cpm were used in each hybridization.

RESULTS

Recovery of RNA. We examined the recovery of both nu-

clear RNA and OVmRNA in our isolation procedures because
of the possibility of selective loss of mRNA into the phenol
phase (16) or loss of nuclear RNA in the protein interface
(17). Total RNA was extracted from hen tissue pulse-labeled
for 15 min with [3H]uridine. Much of the label at this time

is larger than 28 S, and more than 80% of the radioactivity is
confined to the nucleus. The recovery of RNA, measured by
A260, was 65%; the recovery of radioactivity was 70%, mea-
sured by comparing the RNA in the first ethanol precipitate
to that found in the original homogenate. Since approximately
10% of the aqueous phase is lost in each of the three extrac-
tions used to separate RNA from protein, the corrected yield
would be close to 100%. OVmRNA was measured by either
its biological activity in a reticulocyte lysate or by its hy-
bridization to cDNA. The amount of OVmRNA found per
gram of oviduct by this phenol extraction method is as much
as we have found by any other total or polysomal RNA isola-
tion method (18).
RNA Aggregation. One of the major problems we encoun-

tered in attempting to demonstrate the existence of a large
OVmRNA precursor was aggregation4. After phenol extrac-
tion of total RNA we have found that a variable amount, and
often as much as 50%, of the OVmRNA can sediment faster
than 18 S on sucrose-NaDodSO4 gradients when no attempt is
made to denature the RNA. The rapidly sedimenting forms
of OVmRNA have discreet sizes (23 S and 35-40 S), can be
separated from each other, and do not change their sedimenta-
tion behavior when rerun under nondenaturing conditions.
We have used several methods to denature these rapidly
sedimenting OVmRNA sequences with variable success.
Treating the RNA with 85% Me2SO at 370, followed by
ethanol precipitation as suggested by Katz and Penman (19),
caused some changes in sedimentation behavior, but large
amounts of OVmRNA still sedimented faster than 18 S.
Sedimentation of total RNA on sucrose gradients made in
99% Me2SO does not completely disrupt large aggregates of
18 S OVmRNA unless great care is taken in sample prepara-
tion. Our most successful results with Me2SO gradients were
obtained by the method of Firtel (20) and included a 650
heat treatment before the sample was applied.

Aggregation of OVmRNA sequences is completely elimi-
nated on aqueous NaDodSO4-sucrose gradients by use of the
650 heat treatment described in Materials and Methods, and
we therefore examined the effects of this treatment on high-
molecular-weight RNA preparations. High-molecular-weight
RNA (>28 S) was isolated from total RNA that had not been
heat-treated and mixed with a small amount of 30-50S HeLa-
[3H]RNA. Half of the sample was heat-treated. The sedi-
mentation of the chicken RNA (Fig. la) and HeLa RNA
(Fig. lb) with and without heat treatment is shown. The heat
treatment disaggregated most of the chicken RNA to 28 S and
18 S. After heat treatment some of the HeLa RNA melted to
45 S, but no increase in RNA sedimenting slower than 30 S is
seen. The sedimentation of the heat-treated HeLa RNA ap-
pears similar to the sedimentation behavior of this RNA in
99% Me2SO gradients. Fig. lc demonstrates that pulse-labeled
>28S hen oviduct RNA can be isolated and concentrated by
the techniques described in illaterials and Methods. DNase
digestion and repeated heat treatments have no effect on the
pattern of this high-molecular-weight RNA as shown.

Conversion of Percent Hybridization to Nanograms of OVm-
RNA. The hybridization results shown in Figs. 3 and 4 are

$ OVmRNA sediments at 18 S on sucrose gradients made in 99%
Me2SO. However, on sucrose-NaDodSO4 aqueous gradients,
OVmRNA actually sediments at 16 S, perhaps because of dif-
ferent conformations. We will refer to unaggregated OVmRNA
throughout this paper as 18 S for simplicity.
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FIG. 1. Effects of heat treatment on high-molecular-weight RNA. Total hen oviduct RNA, isolated as described in Materials and

Methods, was centrifuged on 5-20% sucrose-NaDodSO4 gradients without heat treatment, and the RNA larger than 28 S was collected.
This >28S RNA was then mixed with 30-5SO HeLa [3H]RNA isolated by a NaDodSO4 method (18) that does not cause extensive aggre-
gation. Half of the RNA was heat-treated at 65° and both samples were then layered on linear 15-30% gradients and centrifuged for 5 hr.
The absorbance profile of the hen RNA before (0) and after (@) heat treatment is shown in panel a. In panel b, the sedimentation of the
30-50S HeLa RNA is shown before (0) and after (@) heat treatment. In panel c, the >28S RNA from hen oviduct labeled for 30 min in
vitro with [3H]uridine was isolated as described in Materials and Methods and centrifuged on a 15-30% gradient for 5 hr (A). The same
RNA was then treated with DNase and heat-treated again before centrifugation (a). Fractions (0.5 ml each) were collected on all gradients.

expressed as nanograms of OVmRNA in each gradient frac-
tion. In order to convert percent hybridization to nanograms
of OVmRNA, we performed the following experiment. A con-
stant amount of cDNA was hybridized to varying amounts of
pure OVmRNA for 24 hr, as described in Materials and Meth-
ods.*The results shown in Fig. 2 give a standard curve relating
percent hybridization to ng of OVmRNA. The samples in the
two crucial experiments (Fig. 3c and Fig. 4a) were also hy-
bridized for 24 hr under exactly the same conditions as in
Fig. 2, using all the RNA in each gradient fraction. Therefore,
for these two experiments percent hybridization was con-
verted to nanograms of OVmRNA directly, using the curve in
Fig. 2 without further corrections.

Fig. 2 indicates that values for percent hybridization over
60% cannot be accurately converted to nanograms of OVm-
RNA since there is very little change in percent hybridization
between 0.4 and 20 ng of OVmRNA. To prevent the hybridiza-
tion reactions from going over 60% in the experiments shown
in Figs. 3a, 3b, and 4b, where there are large amounts of
OVmRNA, we have hybridized cDNA to a small sample of
each gradient fraction for times less than the standard time of
24 hr (details are in figure legends). The peak of OVmRNA in
these gradients represents 50-60% hybridization of the
cDNA. Percent hybridization was converted to nanograms of
OVmRNA by first using Fig. 2 as described above; values
were then corrected for both the time of hybridization and the
amount of each fraction hybridized. For example, if we used
1% of a gradient fraction, hybridized for 1 hr, and found 55%
hybridization, we would use Fig. 2 to convert 55% hybridiza-
tion to 0.2 ng of OVmRNA, multiply by 100 (correction for
using 1% of gradient fraction), and multiply by 24 (standard
time/1 hr) to obtain a value of 480 ng or OVmRNA.

Hybridization of >28S RNA to cDNA. We examined the
distribution of OVmRNA sequences in total cellular RNA

from hen oviduct by sedimentation on gradients and hybrid-
ization to cDNA as described in Materials and Methods. Fig.
3a shows that no OVmRNA sequences larger than 18 S are
detectable in total hen RNA. In the experiment shown in
Fig. 3b, we concentrated the >28S RNA from hen RNA and
find that most of the remaining OVmRNA sequences are still
18 S. We further concentrated and purified the >28S RNA by
collecting the heavy fractions from Fig. 3b; the results are
shown in Fig. 3c. There is now a well-defined peak of A260 at
about 40 S, which we assume is partly ribosomal RNA pre-
cursor. Hybridization reveals no OVmRNA sequences. The
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FIG. 2. Hybridization of pure OVmRNA to cDNA. Increasing
amounts of pure OVmRNA (gift of D. Shapiro) were each hy-
bridized to 175 cpm of cDNA for 24 hr in 20-A reaction mixtures
as described in Materials and Methods. In control tubes without
OVmRNA, 6% of the cDNA became S1-resistant, and this
blank has been subtracted.
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FIG. 3. (a) Hybridization of cDNA to hen total RNA. Four
A260 units of hen total RNA were sedimented on a 15-30% gradient
for 4 hr, as described in Materials and Methods. Fractions (1 ml
each) were collected, and 10-1il samples of each fraction were

hybridized to cDNA for 1 hr. (b) Hybridization of cDNA to a

concentrated sample of >28S hen RNA. >28S hen RNA (6 A260
units) was sedimented on a 15-30'%O gradient for 5 hr. Fractions
(1 ml each) were collected and 1/5 of the RNA in each fraction
was hybridized to cDNA for 5.5 hr. (c) Hybridization to >28S
hen RNA concentrated from 70 A260 units of hen total RNA. The
RNA in panel b sedimenting faster than the RNA represented
by the dashed line was concentrated and treated with DNase;
0.6 A260 unit (equivalent to the >28S RNA concentrated from 70
A260 units of total RNA) of it was recentrifuged on a 15-30%
gradient for 5 hr. Fractions (0.5 ml) were collected. After A260 was
determined, the total RNA in each fraction was precipitated with
ethanol and hybridized to cDNA for 24 hr.

RNA in Fig. 3c represents the >28S RNA from 70 A260 units
of hen RNA, which is equivalent to the RNA in 0.3 g wet
weight of oviduct. From the number of tubular gland cells per

g (7.1 X 108) (21) and the molecular weight of OVmRNA
(700,000) (Shapiro, in preparation), we can estimate the ex-

pected amount of OVmRNA precursor in this RNA to be 0.23
ng if there were only one OVmRNA precursor per cell. Since
no significant amount of OVmRNA larger than 28 S is seen,
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FIG. 4. (a) Hybridization to newly synthesized OVmRNA. 1.2
A230 units of total RNA from chicks given a secondary stimulation
with estrogen for 4.5 hr was centrifuged on a 5-20% gradient for
6 hr. Fractions (0.5 ml) were collected and A260 was measured.
After ethanol precipitation the total RNA in each fraction was
hybridized to cDNA for 24 hr. (b) Distribution of OVmRNA in
hen polysomal RNA. 3.2 A260 units of hen polysomal RNA were
sedimented as described above. Two percent of the RNA in each
fraction was hybridized to cDNA for 20 min.

we conclude that there is less than 1 molecule of OVmRNA
precursor per cell.

Size Distribution ofNewly Synthesized OVmRNA. The possi-
bility that the precursor to polysomal ovalbumin mRNA is
only slightly larger than 18 S could not be easily investigated
using hen tissue because of the enormous concentration of
polysomal OVmRNA in the cell which would mask a small
pool of precursor. However, in the immature chick it is possi-
ble to achieve a state where OVmRNA synthesis is rapid but
where little accumulation of polysomal mRNA has yet oc-
curred. This developmental stage conforms to the ideal situa-
tion suggested by Darnell (1) for the detection of an HnRNA
precursor to messenger. Four-day-old chicks were injected
with estrogen for 10 days and then withdrawn from the hor-
mone for 8 weeks, at which time ovalbumin synthesis is un-
detectable (McKnight, in preparation). A secondary injection
of estrogen is then given, which after a lag period of 3 hr
causes a large increase in OVmRNA as assayed by lysate ac-

tivity (21), by hybridization to cDNA, or by measurement of
the rate of ovalbumin synthesis (McKnight, in preparation).
Fig. 4a shows the results of hybridization to total cellular
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RNA isolated from secondary stimulated chicks that have
been injected with estrogen for 4.5 hr. We find no OVmRNA
sequences sedimenting faster than 18 S. Fig. 4b is a gradient
of hen polysomal RNA run under similar conditions for com-
parison. At 4.5 hr after estrogen injection, OVmRNA syn-
thesis has only been increased for 1.5 hr because of the 3-hr
lag period. If the half-life of the precursor were 10 min or
longer, as has been suggested for precursor mRNA in other
systems (22), we calculate that the precursor to OVmRNA
should account for at least 16% of the total OVmRNA in the
cell under these conditions§. Precursor molecules larger than
28 S would have appeared in the bottom fraction since RNA
is too soluble to pellet under these conditions. Since the size of
all of the OVmRNA sequences at 4.5 hr is exactly the same as
that found on hen polysomes, we conclude that any processing
of OVmRNA that occurs after transcription either does not
involve an appreciable change in molecular weight or occurs
extremely rapidly.

DISCUSSION
We have not been able to find any evidence for the existence
of a high-molecular-weight precursor to OVmRNA when
aggregation of OVmRNA is eliminated. We have isolated the
>28S RNA from sufficient cells to allow the detection of one
molecule of precursor per cell by hydridization to cDNA.
Even under these conditions, no OVmRNA sequences larger
than 28 S were seen. Palmiter (21) has calculated, from the
steady-state level of OVmRNA and its half-life, that the rate
of synthesis of OVmRNA is approximately 30 molecules/min
per cell. If only one molecule of precursor existed per cell, its
half-life would have to be on the order of 1-2 sec, which is
much shorter than the time necessary for transcription of a
>28S molecule. Since the IRNA isolation techniques used in
this study allow the isolation of biologically active OVmRNA
in high yields as well as the recovery of >28S RNA by both
radioactivity (Fig. lc) and absorbance (Fig. 3c), we conclude
that degradation could not account for our inability to find a
precursor.

In order to look for a precursor that might be only slightly
larger than 18 S OVmRNA, we have taken advantage of the
fact that OVmRNA levels are regulated by estrogen. A secon-

§ The rate of accumulation of a molecule that is turning over is
given by:

dX

d= K, KdX

At the steady state, where dX/dt = 0 then X = K,/Kd, where
X is the molecule (units), K, is a zero-order rate constant
of synthesis (units/time), and Kd is a first-order rate constant of
degradation (1/time). Assuming that OVmRNA synthesis com-

mences and persists at a constant rate for the 90-min period
between 3 and 4.5 hr after estrogen administration to chicks,
and there is no degradation of total OVnmRNA sequences, then

total OVmRNA = K, X 90 min.

Assuming a 10-min half-life for an OVmRNA precursor, then the
steady-state level of precursor (SS) is:

SS = K,/Kd or (K,.ti/2)/ln 2

Therefore, the percent of OVmRNA sequences existing as pre-

cursor is:

(KJ10/ln 2)/K890 X 100 or 16%-.

dary administration of estrogen to withdrawn chicks causes a
dramatic increase in the amount of OVmRNA per cell. Dur-
ing the early hours of secondary stimulation the rate of OV-
mRNA synthesis is rapid (21), but little polysomal OVmRNA
has accumulated in the cytoplasm. Since a short-lived nuclear
precursor should reach its steady-state level rapidly, the ideal
time to detect it would be shortly after the increase in OV-
mRNA synthesis occurs. We have been able to find no evi-
dence for OVmRNA sequences in any molecules larger than
18 S after 1.5 hr of estrogen-induced stimulation of OVmRNA
synthesis (Fig. 4a). A precursor with a half-life as short as 10
min would have been clearly seen under these conditions.
Although the existence of high-molecular-weight HnRNA

in animal cells has been well documented (14), we agree with
the conclusion of Davidson and Britten (23) that a functional
role has not been demonstrated. The experiments presented
here strongly suggest that at least one mRNA is not made as a
large precursor that must be cleaved to yield functional
mRNA. We conclude that the hypothesis that HnRNA is a
precursor to mRNA may not be true in all cases and that other
possible functions for HnRNA such as a direct role in either
gene regulation or chromosome structure should be considered.
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